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3 hours in patients 18 years of age and older . A dosage 
adjustment is recommended for patients with impaired renal function.
Strength: The reconstituted meropenem and vaborbactam solution will have an 
approximate meropenem concentration of 0.05 g/mL and an approximate vaborbactam 
concentration of 0.05 g/mL. The final volume is approximately 21.3 mL.

DISPENSED:
Prescription Product

RELATED DOCUMENTS:
IND 120040

REMARKS
This submission is a New Drug Application (NDA) for meropenem/RPX7007). 
Carbavance is a combination of the US-approved carbapenem antibiotic, meropenem, and 
the investigational beta lactamase inhibitor, RPX7009. This drug combination is being 
developed for intravenous (IV) administration for the treatment of patients with serious 
gram-negative infections, including those caused by bacteria resistant to currently 
available drugs.

SUMMARY AND RECOMMENDATIONS
The information submitted by the Applicant as a New Drug Application, supports the 
conclusion that meropenem-vaborbactam has activity against susceptible complicated 
urinary tract infection (cUTI) pathogens including the organisms described in the FDA’s 
proposed indication subsection of the labeling. Additionally, the data provided 
demonstrates that the proposed drug product satisfies the combination rule as described in 
the FDA combination drug product guidance. The vaborbactam component of 
meropenem-vaborbactam provides an advantage to meropenem in the context of certain 
beta-lactamases including KPC-producing Enterobacteriaceae. Vaborbactam does not 
provide a significant advantage to meropenem against other organisms such as P. 
aeruginosa. Meropenem is currently not approved for cUTI against P. aeruginosa. This 
reviewer recommends approval of the proposed drug product for meropenem-
vaborbactam, however, recommendations are proposed by the Agency for breakpoints 
and labeling. See FDA’s Version of the Labeling and Reviewer’s Labeling Comments 
sections of this review for details. 
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EXECUTIVE SUMMARY

Introduction
Meropenem-vaborbactam is a combination product that the Applicant developed to 
address resistance in gram-negative bacteria, in particular, KPC-producing Carbapenem-
Resistant Enterobacteriaceae (CRE). Meropenem is an approved carbapenem 
antibacterial drug with activity against gram-positive, gram-negative, and anaerobic 
bacteria. Vaborbactam is a member of a new class of cyclic boronates for use in a fixed 
drug combination with meropenem. 

Activity in Vitro
Vaborbactam behaves as a reversible inhibitor of KPC-2 with a 1:1 stoichiometry and a 
slow off-rate. Structural studies, crystallography, and site-directed mutagenesis were used 
by the Applicant to provide insight into the mechanism of inhibition by vaborbactam. The 
ability of vaborbactam to restore the activity of carbapenems against KPC-producing 
CRE in vitro was also determined. The spectrum of activity of meropenem-vaborbactam 
in vitro includes Enterobacteriaceae that produce beta-lactamases including KPC, SME, 
TEM, SHV, CTX-M, CMY, ACT. Vaborbactam may not potentiate antibiotic activity 
against bacteria that produce metallo-beta lactamases or oxacillinases with 
carbapenemase activity.
Complete or partial inactivation of porins or reduced expression of porin genes 
influenced susceptibility to meropenem-vaborbactam for clinical isolates of KPC-
producing Enterobacteriaceae. Differences in blaKPC expression and gene copy number, 
differences in copy number of various ESBL genes as well as different levels of 
expression of efflux pumps may also contribute to variability in the sensitivity to 
meropenem-vaborbactam. 

Animal Models of Infection
The Applicant compared the antibacterial effects of meropenem in combination with 
vaborbactam with those of meropenem alone in a neutropenic mouse thigh infection 
model, a neutropenic mouse lung infection model, and a mouse ascending UTI model 
using carbapenem-resistant, Class A serine carbapenemase producing strains of K. 
pneumoniae, E. coli, and E. cloacae. Many of the strains produced other beta-lactamases 
in addition to KPC, and also were defective in one or both major porins. These strains 
had meropenem MICs ranging from 8 μg/mL to 512 μg/mL and meropenem-
vaborbactam MIC (with vaborbactam at 8 μg/mL) ranging from ≤0.06 μg/mL to 16 
μg/mL. 
Inhibition of serine carbapenemases such as KPC by vaborbactam in vitro was in 
agreement with the restoration of meropenem activity against carbapenem resistant 
strains of Enterobacteriaceae in vivo. For P. aeruginosa and A. baumannii, vaborbactam 
did not significantly impact the activity of meropenem in vivo, as was expected.
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Pharmacokinetics/Pharmacodynamics
The Applicant determined the PK-PD parameter that best described the antibacterial 
activity of vaborbactam when administered in combination with meropenem as the 24 h 
free vaborbactam AUC/meropenem-vaborbactam MIC ratio. PK-PD target attainment 
analysis by the Agency’s clinical pharmacology reviewer justified a susceptible 
breakpoint of up to 8 mcg/mL for Enterobacteriaceae.

Clinical Trials
Clinical trial study 505 was a Phase III, multicenter, double-blind, double-dummy, 
randomized, parallel-group study of the efficacy, safety, and tolerability of meropenem-
vaborbactam compared with piperacillin/tazobactam in the treatment of adults with 
complicated urinary tract infection (cUTI) or acute pyelonephritis (AP). 
Higher overall success, cure, and eradication rates were seen in the meropenem-
vaborbactam group compared with the piperacillin/tazobactam group in subjects with 
meropenem-resistant or piperacillin-tazobactam-resistant pathogens. The vast majority of 
isolates in study 505 had MIC90 of ≤ 0.06 mcg/mL. Four-fold changes in meropenem-
vaborbactam MICs were observed in 3 subjects in the meropenem-vaborbactam group 
with K. pneumoniae strains: 1 subject at EOT and 2 subjects at TOC. All increases in 
MIC remained within the susceptible range for meropenem and were not associated with 
clinical outcomes of failure. 
There was limited clinical data informing on the activity of meropenem-vaborbactam 
against isolates with MIC90 >0.125 mcg/mL. Isolates in the Phase 3 clinical trials 
produced Enterobacteriaceae that were susceptible to meropenem-vaborbactam (MIC90 
≤4 mcg/mL) produced one or more beta-lactamases of the following groups: OXA, KPC, 
CTX-M, TEM, SHV, CMY, ACT and OXA. There was one isolate of K. pneumoniae 
that was not susceptible to meropenem-vaborbactam (MIC90 ≥ 16 mcg/mL). This isolate 
produced beta-lactamases of the enzyme groups CTX-M, TEM, SHV, and OXA. Clinical 
isolates may also have produced other beta-lactamases not identified, expressed varying 
levels of beta-lactamases, or had other resistance mechanisms that were not identified. 
This reviewer recommends that culture, susceptibility information and local 
epidemiology are taken into consideration when selecting or modifying antibacterial 
therapy using meropenem-vaborbactam.

Interpretive Criteria
Meropenem-vaborbactam broth microdilution assays were reproducible and QC ranges 
were established for meropenem with vaborbactam fixed at 8 μg/mL against relevant 
gram-negative organisms. Disk diffusion QC ranges for disks containing 20 μg of 
meropenem and 10 μg of vaborbactam were established by the Applicant against 
representative gram-negative and –positive strains, and have been published by the 
Clinical and Laboratory Standards Institute (CLSI).

The Agency has proposed revisions to the Applicant’s proposed susceptibility 
interpretive criteria (breakpoints). The following factors were taken into consideration:
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 In vitro activity against clinical isolates of target species
 PK-PD analyses in non-clinical models and from clinical studies
 Response in clinical trials of patients

The Agency’s proposed interpretive criteria for broth microdilution and disk diffusion 
criteria are below. 

Minimum Inhibitory 
Concentrations
(mcg/mL)

Disk Diffusion
(zone Diameter in mm)

Pathogen

S I R S I R

Enterobacteriaceae ≤4/8 8/8 ≥16/8 ≥ 17 14-16 ≤ 13

Labeling
Reviewer’s labeling comments section of this review outlines the specific 
recommendations for the update of subsections 12.4 Microbiology and 15 references. 
These recommendations took into consideration current FDA guidance documents and 
thinking, and standards such as those set by the CLSI. The Agency has proposed new 
breakpoints for Enterobacteriaceae broth microdilution testing of meropenem-
vaborbactam and disk diffusion testing, and revised the Applicant’s proposed lists of 
organisms, and quality control. 

INTRODUCTION
Beta-lactamases are enzymes produced by bacteria that provide resistance to beta-lactam 
antibacterial drugs by breaking a common molecular structure of the drug, the beta-
lactam ring. Several classification systems for beta-lactamases are described in the 
literature, including the Bush-Jacoby (2009), the Bush-Jacoby- Medeiros (1995) and the 
molecular classification system (Bush and Jacoby, 2010). The molecular classification 
system, which categorizes the beta-lactamases into A, B, C, and D classes, will be used in 
this review. 

Types of beta-lactamases include the extended-spectrum beta-lactamase (ESBL), and the 
Klebsiella pneumoniae carbapenemase (KPC). Bacteria that produce ESBLs are resistant 
to many penicillin and cephalosporin antibacterial drugs and often other antibacterials as 
well. They are typically produced by K. pneumoniae and E. coli bacteria. KPC-producing 
bacteria are a group of emerging highly drug-resistant gram-negative bacilli causing 
infections associated with significant morbidity and mortality that has spread throughout 
the United States and most of the world (Arnold et al., 2011). KPCs are an important 
mechanism of resistance for an increasingly wide-range of gram-negative bacteria, and 
are no longer limited to K. pneumoniae. Carbapenem antibacterial drugs are typically not 
effective against KPC-producing bacteria. Treatments for KPC-producing bacteria 
include tigecycline, polymyxins and aminoglycosides (Arnold et al., 2011).
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Meropenem-vaborbactam is a combination product that the Applicant developed to 
address resistance in gram-negative bacteria, in particular due to KPC-producing 
Carbapenem-Resistant Enterobacteriaceae (CRE). Meropenem is an approved 
carbapenem antibacterial drug with activity against gram-positive, gram-negative, and 
anaerobic bacteria. Vaborbactam is a member of a new class of cyclic boronates for use 
in a fixed drug combination with meropenem. Vaborbactam was developed by the 
Applicant for inhibition of Class A serine carbapenemases, specifically the KPC enzyme. 
Vaborbactam reportedly restores the activity of carbapenems against KPC-producing 
CRE in vitro and in nonclinical models of infection. 

ACTIVITY IN VITRO

Mechanisms of Action 
Summary of the Mechanism of Action of Meropenem
Beta-lactams, including carbepenems, inhibit cell-wall synthesis by targeting penicillin-
binding proteins (PBPs), bacterial enzymes involved in the last steps of biosynthesis and 
cross-linking of peptidoglycan. Carbapenems have high affinity for multiple PBPs in 
gram-negative bacteria (Davies et al., 2008). The mechanism of action of meropenem has 
been described in the literature as follows: meropenem shows high affinity for PBP2 in 
Escherichia coli and PBP2 and PBP3 in P. aeruginosa (Sumita and Fukasawa, 1995). 
The inhibition of PBP2 causes changes in cell morphology leading to the formation of 
spherical cells, whereas inhibition of PBP3 leads to filamentation. Meropenem also 
inhibits PBPs 1a and 1b, bifunctional enzymes organized into two catalytic domains 
harboring transglycosylase and transpeptidase activities, but with 10-fold lower affinity 
(Davies et al., 2008). Carbapenems are more stable to degradation by serine beta-
lactamases, such as Class A extended spectrum beta-lactamases (ESBLs), e.g. CTX-M-
15, SHV-12, TEM-10, plasmid- and chromosomally- encoded Class C cephalosporinases, 
e.g. CMY and chAmpC, and Class D oxacillinases, e.g. OXA-1 (Bradford and Sanders, 
1993). In addition to being stable to hydrolysis, meropenem can act as an inhibitor of 
these beta-lactamases (Papp-Wallace et al., 2011).

Mechanism of Action of Vaborbactam
The Applicant has described vaborbactam as, “a first-in-class inhibitor based on a cyclic 
boronic acid pharmacophore”. A pharmacophore is a part of a molecular structure that is 
responsible for a particular pharmacological interaction that it undergoes. Vaborbactam 
inhibits various class A and class C beta-lactamases, however, of particular importance is 
its reported inhibition of KPC. Vaborbactam differs from the older clinically-used beta-
lactamase inhibitors (BLIs) such as clavulanic acid, tazobactam and sulbactam, and from 
newer beta-lactamase inhibitors avibactam and relebactam. The beta-lactam-based BLIs, 
clavulanic acid, tazobactam and sulbactam, form an irreversible covalent bond with the 
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enzyme. This process involves formation of a ring-opened adduct that cannot be 
regenerated into active compound. The general mechanism of avibactam inhibition of 
beta-lactamases is covalent but reversible (Ehmann et al., 2012); it involves the ring-
opening step, but in the majority of cases the reverse deacylation reaction occurs, 
resulting in generation of intact avibactam. The exception is KPC, which slowly 
desulfates avibactam in a process that creates inactive avibactam fragments (Ehmann et 
al., 2013). 

The Applicant has described the structural studies which demonstrated the general 
mechanism of beta-lactamases inhibition by vaborbactam as follows: Inhibition involves 
the formation of a covalent adduct between the boronate moiety and the catalytic serine 
residue which effectively mimics the tetrahedral transition state on the acylation or 
deacylation reaction path. No ring-opening step is involved in this reversible inhibition. 
The distinctive feature of KPC inhibition by vaborbactam is its very slow reversal rate 
compared to that for other beta-lactamases. No inactivation of vaborbactam by KPC was 
observed, which contrasts with what has been reported for other BLIs including 
avibactam (Papp-Wallace et al., 2010; Ehmann et al., 2013). The Applicant reported that 
differences in the biochemical mechanism between vaborbactam and avibactam are 
reflected in the unique binding mode of vaborbactam in the active site of KPC. 

The studies outlined below were performed by the Applicant to characterize the kinetics 
and the mechanism of vaborbactam inhibition of various beta-lactamases. KPC beta-
lactamase was the main focus of the investigation.

Vaborbactam Behaves as a Competitive Inhibitor of KPC-2
To determine the mode of KPC-2 inhibition by vaborbactam, reciprocal values of initial 
rates of cleavage were plotted against reciprocal values of substrate concentration 
(Lineweaver-Burk plot). This study demonstrated that vaborbactam behaves as a 
competitive inhibitor of KPC-2 [MVAB-MOA-MDCO-007].

Reviewer’s Comment
Competitive inhibition is enzyme inhibition where the inhibitor binds to the active site of 
an enzyme and prevents binding of the substrate and vice versa. Most competitive 
inhibitors bind reversibly to the enzyme active site.

One molecule of vaborbactam is required to inactivate one molecule of KPC
KPC-2 inhibition experiments by the Applicant, using varying BLI concentrations, 
revealed that 1 mole of vaborbactam was required to inhibit 1 mole of KPC-2. Avibactam 
had the same stoichiometry, while tazobactam and clavulanic acid required a much 
higher ratio for complete enzyme inhibition since KPC enzymes efficiently hydrolyze 
these suicide inhibitors (Papp-Wallace et al., 2010).
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Reviewer’s Comment
The Applicant is describing the stoichiometry ratio above, in terms of the number of BLI 
molecules that are needed to inactivate one molecule of a beta-lactamase.

Vaborbactam Behaves as a Slow, Tight-Binding Inhibitor of KPC-2
The KPC inhibition profile of vaborbactam was investigated by the Applicant using 
nitrocefin as a reporter substrate (see figure below). It was compared with the profiles of 
typical “fast on – fast off”, or reversible, boronic BLIs (e.g., m-tolylboronic acid and 2-
formylphenylboronic acid) (Beesley et al., 1983) and of a covalent, irreversible inhibitor, 
tazobactam (Figure 36). Due to the differences in potency, vaborbactam was used at a 20- 
to 50-fold lower concentration compared to other BLIs. The Applicant reported that 
vaborbactam inhibition profile was similar to that characteristic of covalent inhibition 
with a consequent progressive enzyme inactivation. In support of progressive inactivation 
was the finding of a time-dependent decrease of Ki values of inhibition of both nitrocefin 
and meropenem hydrolysis when incubation time of vaborbactam and KPC-2 was 
increased from the standard 10 minutes  to up to 6 hours [MVAB-MOA-MDCO-007].

Reviewer’s Comment
The inhibitor constant, Ki is described by the Applicant above. This is an indication of 
how potent an inhibitor is. It is the concentration required to produce half maximum 
inhibition.

     Figure 1: Inhibition Profiles of KPC-2 with Various BLIs Using
                          Nitrocefin as a Reporter Substrate
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Vaborbactam is a Reversible Inhibitor of KPC-2 with a Very Slow Recovery of 
Enzymatic Activity
The Applicant measured the reversibility of KPC inhibition by vaborbactam by rapidly 
diluting fully inhibited enzyme in a high volume of buffer and observing recovery of 
activity using nitrocefin as a reporter substrate [MVAB-MOA-MDCO-007]. This study 
demonstrated that vaborbactam inhibition of KPC-2 can be reversed. However, the KPC-
2 recovery rate was slow indicating an enzyme residency time of 992 min (Table 62). For 
comparison, avibactam shows an approximately tenfold higher rate of deacylation for 
KPC-2 [MVAB-MOA-MDCO-007; Ehmann et al, 2013]. These experiments indicate 
that KPC inhibition by vaborbactam can be described by a two-step reversible inhibition 
model of an initial collision complex, EI, proceeding to a final covalent but reversible 
inhibition complex, EI* [MVAB-MOA-MDCO-007]. In addition, the Applicant reported 
that vaborbactam is unique in its stable to hydrolysis by KPC-2 [MVAB-MOA-MDCO-
065]. See Table 1 below.

Table 1: Kinetic Parameters of KPC-2 Inhibition by Vaborbactam and Avibactam

Reviewer’s Comment
KPC-2 is inhibited by vaborbactam according to a competitive mechanism. Vaborbactam 
is a slow tight-binding inhibitor of KPC-2 with a 1:1 stoichiometry and a very slow off-
rate, resulting in a residence time in hours. Unlike all other marketed BLIs, such as 
avibactam, vaborbactam is not hydrolyzed by KPC.

Mechanistic Studies with Other Beta-Lactamases
The Applicant reported that vaborbactam is a slow tight-binding inhibitor of three class A 
carbapenemases, BKC-1, FRI-1 and SME-2. Inactivation efficiency was similar to that of 
KPC-2 (see table below). The residence time was ranged from 9 minutes for FRI-1 to 65 
minutes for SME-2, indicating that the vaborbactam: FRI-1 complex had limited stability. 
Vaborbactam demonstrated a progressive inactivation of CTX-M-15 and AmpC enzymes 
with high inactivation efficiency. In contrast, vaborbactam behaved as a typical “fast on – 
fast off” inhibitor with TEM-43 and SHV-12 enzymes. For CTX-M-15 and AmpC 
enzymes, the vaborbactam residence time was 19 and 3 min, respectively. The SHV-12 
enzyme demonstrated a very short residence time of only 1 minute. For TEM-43, the off-
rate was too fast to allow for the residence time calculation.
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      Table 2: Kinetic Parameters of Various Enzymes by Vaborbactam

Biochemical and Microbiological Studies with KPC Mutants Generated by
Site-Directed Mutagenesis
Key findings:
1. Site-directed mutagenesis studies identified W105 and S130 as amino acids that play
important roles in the kinetics of inhibition, affecting the onset of inhibition or
vaborbactam off-rate, respectively.
2. The Ser130 residue of KPC-2 that was shown to be important for inhibition by 
avibactam does not play a role in inhibition by vaborbactam.
3. P174L or D179Y amino acid substitutions in KPC that conferred resistance to
ceftazidime potentiation by avibactam had a minimal effect on its potentiation by
vaborbactam, providing further evidence for the distinct binding mode of vaborbactam to
KPC compared to avibactam. Therefore, the ability of vaborbactam to inhibit KPC is not 
affected by certain mutations that reduce the potency of KPC inhibition by avibactam.

Structural Studies: Crystal Structures of Vaborbactam Complexed with KPC,
CTX-M-15, and AmpC 
Key findings:
1. The structures of KPC-2, CTX-M-15 and AmpC complexed with vaborbactam clearly
show that the catalytic serine residue of each enzyme is covalently bound to the boron
atom of the inhibitor.
2. Multiple hydrogen bonds and extensive hydrophobic interactions observed in the
vaborbactam complex with KPC-2 as well as the distinct binding mode of the boronate
moiety of vaborbactam to KPC-2 provide the structural basis of the enhanced activity of 
vaborbactam activity against the KPC family of beta lactamases.

Summary Mechanism of Action:
1. KPC-2 was inhibited by the novel boronic acid beta-lactamase inhibitor vaborbactam 
by a competitive mechanism.
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2. Vaborbactam behaves as a slow tight-binding reversible inhibitor of KPC-2 with a
1:1 stoichiometry and a slow off-rate (residence time measured in hours).
3. Unlike all other marketed BLIs, vaborbactam is not hydrolyzed by KPC.
4. Progressive inactivation by formation of a tight covalent enzyme-inhibitor complex, 
and reversibility of vaborbactam inhibition, are common features of the molecular 
mechanism of inhibition of different Class A and class C enzymes by vaborbactam.
5. The affinity of the covalent vaborbactam-KPC complex is 10-fold higher than it is for 
vaborbactam complexes with other beta-lactamases, as determined by relative rates of
dissociation.
6. Structural studies, crystallography, and site-directed mutagenesis were used by the 
Applicant to provide insight into the mechanism of inhibition by vaborbactam.

Antimicrobial Activity 
Surveillance Studies
The MIC distributions for meropenem and meropenem-vaborbactam against 
Enterobacteriaceae, KPC-producing Enterobacteriaceae, and P. aeruginosa are 
summarized in the table below. These distributions were used by the Applicant to 
interpret the PK-PD target attainment results and to calculate overall percent probabilities 
of PK-PD target attainment. Enterobacteriaceae, KPC-producing Enterobacteriaceae and 
P. aeruginosa isolates were collected worldwide from patients during 2014 to 2015 by 
JMI Laboratories and from the International Health Management Associates (IHMA). 
Descriptions of each of the isolate collections are provided below. 

A total of 11,559 Enterobacteriaceae isolates were collected worldwide from 86 medical 
centers across 30 countries that were included in the SENTRY Antimicrobial 
Surveillance Program (JMI Laboratories). MIC values ranged from ≤0.03 to >32 μg/mL. 
Both meropenem and meropenem-vaborbactam MIC50 and MIC90 values were 0.03 and 
0.06, respectively.

A total of approximately 1,300 KPC-producing Enterobacteriaceae isolates were 
collected worldwide across 31 countries by JMI Laboratories and IHMA. MIC values 
ranged from 1 to >32 μg/mL for meropenem and ≤0.03 to >32 μg/mL for meropenem-
vaborbactam. Meropenem MIC50 and MIC90 values were 32 and >32 μg/mL, 
respectively. Meropenem-vaborbactam MIC50 and MIC90 values were 0.12 and 1 
μg/mL, respectively (8mcg/mL vaborbactam).

Reviewer’s Comment
The approximately 1300 KPC-producing isolates described by the Applicant above were 
collected from 3 different studies MVAB-MIC-IHMA-053, MVAB-MIC-JMI-031 and 
MVAB-MIC-JMI-068. This reviewer counted a total of 1329 isolates from these studies 
combined.  The Applicant stated that the number was 1,331 isolates. In Study MVAB-
MIC-IHMA-053 the majority of the isolates tested were K. pneumoniae. 
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Reviewer’s Comment
A summary of the MIC90s for pertinent pathogens is provided below. This reviewer 
adapted the information from the Applicant’s study reports. Surveillance study 2015, 
MVAB-MIC-JMI-067 is a world-wide study of 30 countries (42.5% North America), 
surveillance Study 2014 MVAB-MIC- -020 is of clinical isolates from New York, 
and surveillance study 2014 MVAB-MIC-IHMA-053 is a world-wide study of KPC-
producing, OXA-48 and MBL-negative Enterobacteriaceae. For MVAB-MIC-IHMA-
053, the MIC90 for all Enterobacteriaceae (N=911) was 1 mcg/mL. The information for 
MVAB-MIC-JMI-067 and MVAB-MIC- -020 is below. Number of isolates is in 
parenthesis and MIC90 in mcg/mL follows.

MVAB-MIC-JMI-067 world-wide
Enterobacteriaceae (11,559) 0.06
CRE (330) 32
E.coli (4921) 0.03
E.coli  ESBL phenotype (976) 0.03
E.coli  Non-ESBL phenotype (3945) 0.03
Meropenem non-susceptible (12) 32
Klebsiella spp. (2987) 0.06
Klebsiella pneumoniae (2458) 0.12
K. oxytoca (507) 0.03
Enterobacter cloacae species complex (1050) 0.03
Citrobacter spp. (512) 0.03
P. mirabilis (701) 0.12
Proteus Vulgaris (80) 0.06
Indole positive Proteae (420) 0.12
Morganella morganii (244) 0.12
Providencia rettgeri (47)  0.12
Providencia stuartii (49) 0.06
Serratia spp. (526) 0.06
Serratia marcescens (504) 0.06
P. aeruginosa (2806) 16
Acinetobacter spp. (804) ≥ 64
Acinetobacter baumannii-calcoaceticus species complex (738) ≥ 64
Stenotrophomonas maltophilia (426) ≥ 64

MVAB-MIC -020 clinical isolates from NY
E. coli (2866) 0.03
K. pneumoniae (940) 0.06
E. aerogenes (90) 0.06
E. cloacae (124) 0.03
Acinetobacter baumannii (158) 64
P. aeruginosa (493) 8
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A total of 2,806 P. aeruginosa isolates were collected worldwide from 86 medical
centers across 30 countries that were included in the SENTRY Antimicrobial
Surveillance Program. MIC values ranged from ≤0.03 to >32 μg/mL. Both
meropenem and meropenem-vaborbactam MIC50 and MIC90 values were 0.50
and 16 μg/mL, respectively.

Table 3: Meropenem and Meropenem-vaborbactam MIC Distributions for 
Enterobacteriaceae, KPC-producing Enterobacteriaceae, and P. aeruginosa Based on in 

vitro Surveillance Data Collected from Regions Worldwide

Reviewer’s Comment
It was noted that the MIC90 values differed for P. aeruginosa against meropenem-
vaborbactam depending on whether the surveillance data was worldwide with MIC90 of 
16 mcg/mL (study MVAB-MIC-JMI-067) or from New York with MIC90 of 8 mcg/mL 
(MVAB-MIC- -020). Ideally the Applicant should have also done a surveillance 
study that shows the MIC90 of P. aeruginosa across different regions of the United 
States as is suggested in the clinical microbiology guidance document. However, some 
confidence in the ability of meropenem-vaborbactam to treat P. aeruginosa comes from 
the approved labeling for meropenem which includes this organism for a different 
indication, and the tendency for drug products to be more concentrated in the urine.

Meropenem-vaborbactam was tested against a panel of characterized CRE producing 
KPC-2 and KPC-3, since these beta-lactamases are relevant enzymes for North America 
(Queenan and Bush, 2007). In most cases tested isolates produced additional serine beta-
lactamases. The results showed a marked decrease in MICs with the addition of 
vaborbactam, in comparison to meropenem alone. See table below:
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Table 4: In Vitro Activity of Meropenem Alone and in Combination 
with Vaborbactam Against Characterized Strains of Enterobacteriaceae 
Producing Various Beta-Lactamases, Including the KPC-Carbapenemase

Reviewer’s Comment
The source indicated by the Applicant for the table above should be Clinical 
Pharmacology Summary Table 106 instead of 92.

Study MVAB-MIC-IHMA-053 included the Applicant’s investigation of the activity of 
meropenem-vaborbactam by KPC variant in Enterobacteriaceae world-wide. The results 
are shown in the able below:

Table 5: Frequency Distribution (n) of Meropenem + 
     Vaborbactam at 8 mcg/mL by KPC Variant

In total, information on meropenem-vaborbactam activity against gram-negative bacteria 
including KPC-producing organisms was provided by the Applicant for 35,000 recent 
clinical isolates (2013 to 2015) from several geographies (North America, Latin America, 
Europe and Asia-Pacific) as follows:
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 Based on evaluation of isolates from surveillance studies and from Studies 505 
and 506, the spectrum of meropenem-vaborbactam activity included gram-
negative pathogens of cUTI including pyelonephritis, Enterobacteriaceae (E. coli, 
K. pneumoniae, E. cloacae spp. complex, P. mirabilis, C. freundii complex, C. 
koseri, E. aerogenes, K. oxytoca, M. morganii, P. rettgeri, P. stuartii, P. vulgaris 
and S. marcescens) and P. aeruginosa.

 The antimicrobial activity of meropenem-vaborbactam against Enterobacteriaceae 
was reported by the Applicant to be largely unaffected by production of broad-
spectrum beta-lactamases from various classes (class A ESBLs, e.g., CTX-M-15, 
SHV-12; class C, e.g., CMY, chAmpC, class D, e.g., OXA-1).

 Based on evaluation of 1,900 isolates including 619 isolates from the US from 
surveillance studies and 20 isolates from clinical Studies 505 and 506, 
vaborbactam enhanced the activity of meropenem against KPC-producing 
Enterobacteriaceae. The MIC90 of meropenem-vaborbactam in these studies 
ranged from 0.5 to 2 mcg/mL compared to an MIC90 of >32 mcg/mL for 
meropenem alone. Many of these strains produced ESBL enzymes in addition to 
KPC. Against KPC-containing strains of Enterobacteriaceae, meropenem-
vaborbactam was more active than the tested β-lactams and β-lactam/β-lactamase 
combinations, including ceftazidime-avibactam and other comparator agents. 
Meropenem-vaborbactam had activity (MIC90 ≤0.125 mcg/mL) against some 
ceftazidime-avibactam resistant strains (MIC90 ≥16 mcg/mL). The Applicant 
stated that in the Phase III studies, 24 isolates were CRE. Of those 20 (83.3%) 
were KPC. The MICs of meropenem-vaborbactam were similar to the recent 
surveillance isolates (MIC90=1 mcg/mL).

 Vaborbactam does not potentiate the activity of meropenem against OXA-48- and 
metallo beta lactamase (MBL)-containing strains. Vaborbactam potentiates the 
activity of meropenem by 2- to 4-fold in carbapenemase-negative strains of 
Enterobacteriaceae with elevated carbapenem MICs due to inhibition of other 
enzymes.

 Meropenem MIC50 and MIC90 against P. aeruginosa are not affected by 
vaborbactam.

Reviewer’s Comment
In the statement above, the Applicant stated that, “in the Phase III studies, 24 isolates 
were CRE, of those 20 were KPC”. This reviewer counted 26 CRE isolates (16 in the 
meropenem-vaborbactam arm and 10 in the piperacillin-tazobactam arm) and 22 of those 
were KPC-producers (12 in the meropenem-vaborbactam arm and 10 in the piperacillin-
tazobactam arm).

Two approaches were used by the Applicant to establish the spectrum of inhibition of 
beta lactamases by vaborbactam: biochemical experiments using purified enzymes and
microbiological experiments using a panel of isogenic strains producing a single beta-
lactamase. The key findings were as follows:
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 Vaborbactam displayed broad-spectrum of inhibition of Class A and class C beta-
lactamases. The most potent antibiotic potentiation activity is observed against 
strains expressing class A carbapenemases such as KPC; and 

 Vaborbactam did not inhibit Class D and class B beta‐lactamases and did not 
potentiate antibiotic activity against strains producing these enzymes.

Studies with Purified Beta-Lactamases
Vaborbactam has been characterized biochemically by the Applicant against several 
representative serine beta lactamases from structural classes A, C and D and MBL from 
class B. Several class A carbapenemases were included in these studies, e.g., KPC-
2/KPC-3, SME-2 (which are produced by S. marcescens) (Queenan et al., 2000), BKC-1 
and FRI-1 that were recently discovered in clinical isolates of K. pneumoniae (Nicoletti et 
al., 2015) and E. cloacae (Dortet et al., 2015), respectively; these enzymes show low 
sequence homology with KPC. Class A CTX-M-15, SHV-12 and TEM-10 represent the 
major sub-groups of ESBLs. They do not have measurable carbapenemase activity. 
However, CTX-M-15 and SHV-12 were implicated in low-level carbapenem resistance 
in the strains lacking major porins (Wozniak et al., 2012). P99 is a broad-spectrum class 
C beta-lactamase that is encoded by an inducible chromosomal gene in E. cloacae. Class 
D beta-lactamases are represented by OXA-48 that in several geographies is emerging as 
a determinant of carbapenem resistance in Enterobacteriaceae, and by several OXA-
enzymes found in Acinetobacter baumannii. The beta-lactamases NDM-1, VIM-1, IMP-1 
and IMP-26 represent clinically relevant MBL (Bush and Jacoby, 2010).
Based on Ki values measured 10 minutes after pre-incubation using nitrocefin (or in 
some cases carbapenems) as a reporter substrate, vaborbactam demonstrated relatively 
uniform inhibition of all studied class A and class C enzymes; all Ki values were in the 
20-100 nM range. Against KPCs, SME-2 and P99, the level of inhibition by vaborbactam 
was considerably higher than those of the older BLIs tazobactam and clavulanic acid. 
Both older BLIs were more potent inhibitors of ESBLs than vaborbactam. Vaborbactam 
showed some inhibition of class D beta-lactamases in the high micromolar range, and no 
inhibition of class B MBL (See table below).

Reviewer’s Comment
The inhibitor constant, Ki, described above is an indicator of how potent an in inhibitor 
is. It is the concentration required to produce half of the maximum inhibition.
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Table 6: Biochemical Inhibition (Ki, µM) of Various Beta-Lactamases 
   by Vaborbactam After 10 Minutes Pre-Incubation Using Nitrocefin 
                            or a Carbapenem as Substrates

Studies with Cloned Beta-Lactamases
Isogenic panels of engineered strains of E. coli, K. pneumoniae and P. aeruginosa , 
producing single beta-lactamases were used to confirm the spectrum of beta-lactamase 
inhibition by vaborbactam observed in biochemical assays. Different panels were used to 
assess the possible differences in inhibition pattern depending on the host strain. The 
results are summarized in the tables below. 

Reviewer’s Comment
These experiments were done with ceftazidime but not meropenem and therefore, are not 
very relevant to the contribution of vaborbactam to the activity of meropenem-
vaborbactam. They do provide some insight into whether vaborbactam is functional as a 
beta-lactamase inhibitor in general and provide some support for the spectrum of 
vaborbactam beta-lactamase inhibitor activity. The Applicant indicated that ceftazidime 
was chosen for this analysis due to its high susceptibility to hydrolysis by a variety of 
beta-lactamases. For the most part, the experiments that were done with isogenic strains 
matched what was observed with the biochemical assays described above in terms of 
beta-lactamase inhibitor function. For example, there was less potentiation of ceftazidime 
activity among TEM-producing bacteria. However, in contrast to what was observed in 
the biochemical assays, there as less potentiation of ceftazidime activity reported against 
SHV-12-producing K. pneumoniae. 
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Reviewer’s Comment
The Applicant mislabeled the headings associated with Table 5 of study report MVAB-
MOA-MDCO-006. The main table heading says that the table pertains to ceftazidime 
alone or in the presence of beta-lactamase inhibitors, while the table subheading for the 
beta-lactamase inhibitors listed indicates that the BLI’s were tested with meropenem.

        Table 7: Potency of Ceftazidime Alone or with BLIs Against 
Isogenic Engineered Strains of K. pneumoniae Producing a Single Beta-Lactamase

The Applicant also used a panel of P. aeruginosa isolates to detect beta-lactamase 
activity (as an MIC increase) of low catalytic enzymes whose efficiency is enhanced in 
bacteria with low permeability of the outer membrane [MVAB-MOA-MDCO-006]. All 
the strains were generated by transformation of plasmids with cloned beta-lactamase 
genes into strains that lacked beta-lactamases. The strain of P. aeruginosa that was used 
as a host for these experiments also lacked the major efflux pump MexAB-OprM in order 
to increase the sensitivity of the MIC assay, since this efflux pump can extrude both beta-
lactams and beta-lactamase inhibitors [Ruppe et al., 2015]. Meropenem was used as a 
reporter substrate to test for the inhibition of carbapenemases using the panel of P. 
aeruginosa strains.
The panel of P. aeruginosa strains was used to assess the inhibition of several class A
carbapenemases including BKC-1 and FRI-1, as well as OXA-48 that does not hydrolyze 
ceftazidime. A KPC-2-producing strain was also included in this panel. Meropenem 
MICs against class A carbapenemase-producing strains ranged from 4 to 64 μg/mL and 
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isolates that produce OXA-48 (carbapenemase-producer) and 51 Enterobacteriaceae that 
produce MBLs (49 with NDM-1). In both of these examples, the MIC90 for meropenem-
vaborbactam was ≥ 32 mcg/mL and the majority of the isolates were from Europe. 
Meropenem-vaborbactam is not likely to have activity against isolates that produce 
metallo-beta-lactamases, and has limited activity against the class D oxacillinases tested.

The following table from Study report MVAB-MOA-MDCO-077 also shows the high Ki 
values for inhibition of the listed OXA and MBL enzymes. This study was conducted 
using purified beta-lactamases that were mixed with beta-lactamase inhibitors at 
concentrations from 160 to 0.0027 µM. The combination of enzyme and inhibitor was 
added to substrate, and cleavage profiles were recorded every 10 seconds for 10 minutes.

    Table 8: Ki Values (in µM for Inhibition of OXA and MBL 
Enzymes by Vaborbactam and other BLIs with Various Substrates

Reviewer’s Comment
The oxacillinases in the table above, OXA 58, OXA-48, OXA-23 and OXA-24 are 
carbapenemase subgroups of the OXA family of beta-lactamases. OXA-23 and OXA-58 
are believed to contribute to carbapenem resistance in A. baumannii (Queenan and Bush, 
2007). NDM-1, VIM-1, IMP-1, and IMP-26 (found in P. aeruginosa) are metallo-beta-
lactamases (Bush and Jacoby, 2010).
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Bactericidal Activity
Minimum Bactericidal Concentrations
The Applicant reports that meropenem-vaborbactam has bactericidal activity against 
clinical isolates of KPC producing Enterobacteriaceae, with MBC:MIC ratios ≤4 for 
30/31 (96.8%) of tested isolates (see table below). Meropenem-vaborbactam is also 
reported to be bactericidal against clinical isolates of P. aeruginosa and A. baumannii; 
MBC:MIC ratios were ≤4 for all tested isolates (see table below).

Reviewer’s Comment
The MBC is the lowest concentration of an antibacterial agent that either totally prevents 
growth or results in a ⩾99.9% decrease in the initial inoculum (3-log10 reduction in 
colony-forming units) on subculture. Whether the antibiotic is bactericidal or 
bacteriostatic, provides some evidence as to whether the antibiotic kills or inhibits the 
bacteria being tested. The clinical significance of this is not always apparent, since MBC 
is not routinely tested. The MBC:MIC ratio describes the relationship between the 
minimum bactericidal concentration in vitro and the minimum inhibitory concentration of 
the antibiotic. 

Table 9: Summary of the MBC:MIC Ratios of Meropenem 
and Meropenem with Vaborbactam at 8 mcg/mL Against 
 Clinical Isolates of KPC-producing Enterobacteriaceae, 
      P. aeruginosa and Acinetobacter baumannii

The Applicant reported that 52 KPC-producing strains of Enterobacteriaceae, 
meropenem-vaborbactam MBCs (MBC50/90, 0.25/8 mcg/mL) were lower than 
meropenem MBCs (MBC50/90, 128/512 mcg/mL) (see table below). These results 
suggest that there is in vitro bactericidal activity of the meropenem-vaborbactam 
combination against meropenem-intermediate and -resistant Enterobacteriaceae. 
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Meropenem-vaborbactam MBC50/90 values were within two-fold of those of 
meropenem against 21 strains of P. aeruginosa and 19 strains of A. baumannii (see table 
below).

Reviewer’s Comment
The wide range of meropenem MICs and MBCs against the tested strains of KPC-
producing Enterobacteriaceae was explained by the Applicant as due to variable levels of 
KPC expression among the strains and additional carbapenem resistance mechanisms 
present in those strains, such as mutations in porin genes ompK35 and ompK36.

Table 10: Summary of the MIC and MBC Values of Meropenem and Meropenem with 
Vaborbactam Against Clinical Isolates of KPC-Producing Enterobacteriaceae, P.                 

aeruginosa and Acinetobacter baumannii

Time Kill Studies
Experiments were conducted by the Applicant to assess early bactericidal activity of 
meropenem with vaborbactam (8mcg/mL) against KPC-producing strains of 
Enterobacteriaceae and against P. aeruginosa and A. baumannii [MVAB-MIS-MDCO-
045]. Twenty-five KPC-producing strains of Enterobacteriaceae (20 K. pneumoniae, 3 E. 
cloacae, 1 C. freundii and 1 E. coli) were used in the Applicant’s time-kill studies. In 10 
strains of K. pneumoniae, strains lost the KPC-containing plasmid, and were used for 
testing of meropenem alone. Eight strains of non-fermenting bacteria were also tested (5 
P. aeruginosa and 3 A. baumannii) [MVAB-MIS-MDCO-045]. See figure below.

Reviewer’s Comment
There was a trend towards more bacterial killing with increasing concentrations of 
meropenem or meropenem-vaborbactam, from 1x to 2x concentrations of meropenem in 
two of the strains tested and at higher meropenem concentrations in some of the strains 
tested (See figure below). At the same multiples of the MIC, meropenem-vaborbactam 
produced the same or more bacterial killing in the KPC-producing strains as meropenem 
in the corresponding KPC-negative strains. It is worth noting, however, that the strains 
which lost KPC were not exactly isogenic strains, since a plasmid was lost which 
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contained other genes besides those for KPC. Strain KP1004, for example contained 3 
beta-lactamases, while the strain derived from that parent bacteria, KPM1206 was 
described as losing two beta-lactamases. Whether other genes were lost as well, was not 
described by the Applicant in the study report, MVAB-MIS-MDCO-045. Various 
different reasons were given for how or why the KPC-containing plasmid was lost, 
including increased plasmid copy number leading to instability. 

Figure 2: Change in Viable Bacterial Density (as log CFU/mL) from 0 to 2 
Hours in the Presence of Increasing Concentrations of Either Meropenem 
(with Vaborbactam fixed at 8 mcg/mL) Against KPC-Producing Strains of 
K. pneumoniae (blue) or Meropenem Alone Against the Corresponding 
KPC-Negative Isogenic Paired Strain (red) in In Vitro Time-Kill Assays

The figure below shows bactericidal activity and regrowth for different concentrations of 
meropenem-vaborbactam and meropenem alone. The Applicant reported that at similar 
multiples of the MIC of either meropenem or meropenem-vaborbactam (vaborbactam 
8mcg/mL), the time kill profiles for KP1074 and its corresponding KPC-negative strain, 
KPM1211 were similar, with concentrations of at least 4X MIC associated with 
prevention of regrowth (see figure below).
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Figure 3: Time-Kill Kinetic Studies of Meropenem-vaborbactam 
(with Vaborbactam Fixed at 8 mcg/mL) Against KPC-Producing 
Strains of K. pneumoniae KP1074 (Panel A) and Meropenem Alone 
Against Corresponding Isogenic KPC-negative KP1211 (Panel B)

Reviewer’s Comment
The Applicant stated that in addition to the early bactericidal testing, the data above in 
“isogenic” strains showed that meropenem-induced effects were similar when sufficient 
concentrations of vaborbactam were present, and the specific killing/regrowth patterns 
are due to other genetic background or resistance factors of the tested strain. The other 
genetic backgrounds of these strains were not described. Meropenem-vaborbactam MIC 
for strain KP1074 was 0.25mcg/mL, and meropenem MIC was 128 mcg/mL. For strain 
KPM1211 meropenem -vaborbactam MIC was 0.125 mcg/mL, and meropenem MIC was 
0.06 mcg/mL.

Regrowth of KPC-producing strains of Enterobacteriaceae in 24 h time-kill studies was 
largely prevented by meropenem at fixed 8 mcg/mL and at least 8 mcg/mL of 
vaborbactam [MVAB-MIS-MDCO-045]. See table below. Similarly, vaborbactam 
concentrations at 8 mcg/mL combined with varying concentrations of meropenem also 
prevented regrowth; the concentrations/exposures were considered by the Applicant in 
PK-PD experiments. The Applicant found that mutants from regrowth at lower 
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concentrations of meropenem-vaborbactam had similar molecular mechanisms of 
resistance to mutants isolated in single-step and stepwise resistance development studies 
[MVAB-MIS-MDCO-045]. 

Table 11: Summary of Vaborbactam Potentiation of Meropenem Activity Against KPC-
Producing Strains of Enterobacteriaceae and the Minimum Concentration of 

Vaborbactam That Prevented Regrowth at 24 Hours in Time-Kill Studies

Meropenem vaborbactam bactericidal activity against P. aeruginosa and A. baumannii 
was assessed in time-kill studies and was found to be generally time-dependent [MVAB-
MIS-MDCO-045]. Vaborbactam did not affect killing kinetics of meropenem against P. 
aeruginosa or A. baumannii strains tested[MVAB-MIS-MDCO-045]. 

Overall, the Applicant reported that meropenem-vaborbactam exhibits time- and 
concentration-dependent bactericidal activity against KPC-producing strains of 
Enterobacteriaceae, P. aeruginosa and A. baumannii, depending on the concentration 
range tested in time-kill assays.

Reviewer’s Comment
The Applicant provided some information in the NDA with regard to KPC-producing P. 
aeruginosa. The Applicant transformed laboratory generated strains of P. aeruginosa that 
lacked major efflux pumps with cloned beta-lactamases including KPCs. In study 
MVAB-MOA-MDCO-006, vaborbactam at a fixed concentration of 4 mcg/mL reduced 
the MIC of meropenem from 64 mcg/mL to ≤ 0.06 mcg/mL. The strain used in that 
experiment was PAM4135 (PAM1154 with pUCP24-KPC2). In the same study with 

Reference ID: 4143149



Division of Anti-Infective Products
Clinical Microbiology Review

NDA#:209776 Meropenem-Vaborbactam Page 27 of 108
           

KPC-3-producing P. aeruginosa PAM4689, a reduction in the MIC of meropenem was 
also observed in the presence of vaborbactam. In Study MVAB-MIS-MDCO-056, the 
Applicant reported that 8 mcg/mL vaborbactam reduced the meropenem MIC against a 
2014 KPC3-producing strain of P. aeruginosa, PA5258 from 128 mcg/mL to 4 mcg/mL.

Resistance
Mechanisms of Resistance
Summary of Mechanisms of Meropenem Resistance
The US package insert for meropenem describes the following mechanisms of resistance 
to carbapenems:

 decreased permeability of the outer membrane of gram-negative bacteria (due to 
diminished production of porins) causing reduced bacterial uptake

 reduced affinity of the target PBPs
 increased expression of efflux pump components
 production of antibacterial drug-destroying enzymes (carbapenemases, metallo-β-

lactamases).

Carbapenem Resistance in Enterobacteriaceae
Serine carbapenemases of class A (e.g., KPC) and class D (e.g., OXA-48) and MBL of 
class B (e.g., NDM, VIM) are major mechanisms of acquired carbapenem resistance in
Enterobacteriaceae. Recent molecular surveillance studies demonstrated that KPC is the 
most prevalent carbapenemase world-wide. In Enterobacteriaceae, mutations in the major 
porins and in efflux pumps are associated with reduced susceptibility to carbapenems. 
Expression of carbapenemases in porin mutants and/or efflux pump mutants is associated 
with the highest increase in carbapenem MICs.

Carbapenem Resistance in P. aeruginosa and Other Non-Fermenting Gram-
Negative Bacteria
The major carbapenem resistance mechanism in P. aeruginosa is the loss of a specific
carbapenem porin, OprD (Davies et al., 2011). Overexpression of the multidrug 
resistance pump MexAB-OprM is another mechanism which is relevant to meropenem 
and doripenem; imipenem is not a substrate of this pump. Elevated activity of 
chromosomal AmpC affects mainly imipenem potency, but also makes a small 
contribution to the decrease in potency of other carbapenems.

Mechanisms that Affect Potency of Meropenem-Vaborbactam in P. aeruginosa
To explore factors that determine the potency of vaborbactam in P. aeruginosa, the 
Applicant used the panel of isogenic strains with the cloned blaKPC gene [MVAB-RES-
MDCO-024]. It was established that the activity of vaborbactam to potentiate meropenem 
was reduced 4-fold when the MexAB-OprM or the MexEF-OprN efflux pumps were 
overexpressed, but it was not affected by inactivation of oprD. The Applicant concluded 
that vaborbactam is a substrate of either MexAB-OprM or MexAE-OprN efflux pumps, 
but it does not use the porin OprD to cross the outer membrane. Overexpression of 
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with 2 μg/mL or 4 μg/mL vaborbactam (see table below). For KP1074 and KP1094, 
regrowth was prevented at 8 μg/mL meropenem with 8 μg/mL of vaborbactam. For each 
strain the Applicant determined the concentration of vaborbactam required to reduce 
meropenem MIC to 8 μg/mL and the concentration of vaborbactam required to prevent 
regrowth at 24 hours in the presence of meropenem at 8 μg/mL (see table below).

Table 12: Summary of Vaborbactam Potentiation of Meropenem Activity Against KPC-
Producing Strains of Enterobacteriaceae and the Minimum Concentration of 
Vaborbactam That’s Prevented Regrowth at 24 Hours in Time-Kill studies

Meropenem and vaborbactam concentrations of 8 μg/mL of each component was 
associated with suppression of the emergence of mutants to a frequency below 10-9. The 
same concentrations also prevented regrowth of resistant subpopulations in time-kill 
studies. Therefore, the Applicant used this information in PK-PD studies that supported 
dose selection for clinical use.

Molecular Mechanisms Associated with MIC Changes to Meropenem-Vaborbactam 
in KPC-Producing Mutants Generated in Resistance Development Studies

The molecular mechanisms of meropenem-vaborbactam MIC increases were studied in 
mutants obtained at conditions of reduced drug concentrations using various 
methodologies [MVAB-RES-MDCO-040, MVAB-MIS-MDCO-45]: single-step 
selection at above MICs, continuous selection at sub-MICs, and conditions of regrowth 
during time-kill experiments.
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Key findings are:
1. Inactivation of ompK36 in K. pneumoniae
(or its homolog ompC in other species of Enterobacteriaceae) due to various insertions,
deletions, stop mutations or substitutions, and an increase in the copy number of the
blaKPC gene, were identified as the major molecular mechanisms of increased 
meropenem-vaborbactam MICs.
2. No mutations in the blaKPC coding region have been identified to date in laboratory
derived mutants with elevated meropenem-vaborbactam MICs.

Characterization of mutants from single step resistance development studies
In general, mutants of K. pneumoniae isolated from the parental strains containing 
functional copies of both OmpK35 and OmpK36 (strains KPM1275 and KP1008) 
appeared to be less resistant to meropenem-vaborbactam than those with inactive 
OmpK35. 

Three types of events led to the blaKPC gene copy number increase including among 
those strains with GD-repeat in their omp36 genes as follows [MVAB-RES-MDCO-040]:

 Transposition of Tn4401 that carries blaKPC into a smaller plasmid with a higher 
copy number located in the same cell;

 Inactivation of the repA2 gene in the KPC plasmid that is responsible for plasmid
maintenance and copy number control with a resulting increase in KPC plasmid 
copy number;

 Recombinations within the original KPC-containing plasmid resulting in the 
increased copy number of the blaKPC gene per plasmid.

Reviewer’s Comment
A transposon is a mobile genetic element other than a plasmid. A chromosomal segment 
can be translocated in the absence of complementary sequence in the DNA through 
transposition.

Characterization of Mutants Obtained by Continuous Subculture in the
Presence of Sub-Inhibitory Concentrations of Meropenem and Vaborbactam
The Applicant assessed meropenem-vaborbactam MIC increases under conditions of 
continuous exposure of KPC-producing strains to sub-inhibitory concentrations of the
combination. Twenty strains were used in these experiments [MVAB-RES-MDCO-040].
The results of molecular analysis (blaKPC, ompK35, ompK36 sequencing, and blaKPC 
copy number) of the sub-MIC mutants were as observed with the single-step mutants. 
Mutations in ompK36 were the most frequent mechanism of meropenem-vaborbactam 
MIC increases in mutants originating from the OmpK36 proficient parents, and blaKPC 
gene copy number increase was the most prevalent mechanism of meropenem-
vaborbactam MIC increases in the strains that had defective OmpK36. None of the 
mutants had mutations in blaKPC or its promoter region [MVAB-RES-MDCO-040]. 
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Similar results were obtained after characterization of mutants obtained in time-kill 
studies [MVAB-MIS-MDCO-045].

In summary, characterization of mutations selected under conditions of insufficient
concentrations of meropenem or vaborbactam or both demonstrated that in the majority 
of mutants, the resistance phenotype was associated with previously described 
carbapenem resistance mechanisms. Inactivation of ompK36 and an increase in the copy 
number of the blaKPC gene were identified as the major molecular mechanisms of 
increased meropenem-vaborbactam MICs.

Molecular Mechanisms that Determine the Potency of Meropenem-
Vaborbactam against KPC-Producing Clinical Isolates of K. pneumoniae
The Applicant’s analysis of meropenem-vaborbactam MICs determined against world-
wide collections of KPC-producing isolates of K. pneumoniae showed a wide distribution 
of MIC values. To gain insight into the molecular mechanisms that determine the potency 
of meropenem-vaborbactam against KPC-producing clinical isolates of K. pneumoniae, 
molecular analysis was done on a set of 141 strains. The strains from the higher end of 
the meropenem-vaborbactam MIC distribution were selected to be overrepresented in this 
analysis set, and thus the set is not representative of current surveillance panels [MVAB-
MIC-IHMA- 053, MVAB-MIC-JMI-031, MVAB-MIC-JMI-068].

Key findings were:
1. Complete or partial inactivation of porins or reduced expression of porin genes 
determined susceptibility to meropenem-vaborbactam in clinical isolates of KPC-
producing Enterobacteriaceae.
2. Major carbapenem porins were inactivated in most of the strains tested with 
meropenem-vaborbactam MICs of >8 μg/mL
3. Differences in blaKPC expression and gene copy number, differences in copy number 
of various ESBL genes as well as different levels of expression of efflux pumps may
contribute to variability in the sensitivity to meropenem-vaborbactam. 

K. pneumoniae Isolates with Functional OmpK35 Tend to Be More Susceptible to 
Meropenem-Vaborbactam
Key finding was:
1. The inactivation of ompK35 plays a role in the elevation of meropenem-vaborbactam 
MIC values in clinical isolates of K. pneumoniae, but mutations in other genes may also 
play a role. Based on the Applicant’s sequence analysis, of 141 isolates, 18 had a full-
length (FL)-OmpK35. The remaining 123 strains had inactive ompK35 due to frame-shift 
or nonsense mutations, and insertions [MVAB-RES-MDCO-039]. The data indicate that 
there is a correlation between the presence of a functional OmpK35 and a low 
meropenem-vaborbactam MIC. Conversely, the strains with a non-functional
OmpK35 had a broad distribution of meropenem-vaborbactam MICs, with as many as 
50% of the strains having meropenem-vaborbactam MIC ≤1 μg/mL (see figure below).
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The inactivation of ompK35 may play a partial role in the elevation of meropenem-
vaborbactam MIC values in clinical isolates of K. pneumoniae.

Figure 4: Frequency Distribution of Meropenem-vaborbactam 
MIC values in KPC-Producing Strains of K. pneumoniae: 
Full-Length OmpK35 Versus Omp-K35-Deficient Strains

K. pneumoniae Isolates Carrying Non-Functional or Partially Functional OmpK36 
Tend to Be Less Susceptible to Meropenem-Vaborbactam
Key finding is:
1. The functional status of OmpK36 in the background of a non-functional 
(downregulated or inactivated) OmpK35 is the major factor that determines susceptibility 
to meropenem-vaborbactam.

OmpK36 from 64 strains tested by the Applicant contained two amino acids, Gly134 and 
Asp135 (GD) (61 strains) or Asp135 and Thr136 (DT) (2 strains) duplicated, or three 
amino acids, Tyr-Gly-Ser (YGS) at positions 137-139 duplicated (one strain). All these 
amino acids are located in the conserved loop L3 of OmpK36. This loop folds back into 
the channel to form the so-called constriction zone eyelet; it determines the channel size 
and represents a bottleneck for diffusion of carbapenems (Masi and Pages, 2013). 

The majority of the strains with a non-functional OmpK36 also had a nonfunctional
OmpK35. Meropenem-vaborbactam (vaborbactam at 8 μg/mL) MIC distributions for the 
three groups of strains are in the figure below.
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   Figure 5: Frequencies of Distribution of Meropenem-vaborbactam MIC Values 
       in KPC-producing Strains of K. pneumoniae: Functional OmpK36 (F), 
      Non-Functional OmpK36 (NF) and Partially Functional OmpK36 (GD) 

Table 13 : meropenem and Meropenem-vaborbactam MIC50 and MIC90 (mcg/mL)            
Against K. pneumoniae Isolates by Functional Category of Omp36

Reviewer’s Comment
Susceptibility to meropenem-vaborbactam in KPC-producing strains, appears to relate to 
the function of OmpK36 and OmpK35. 

Variations of Susceptibility to Meropenem-Vaborbactam within each OmpK36 
Subgroup
Within each of the 3 OmpK36 subgroups, i.e., full length functional OmpK36, GD-repeat
partially functional OmpK36 and non-functional OmpK36, there are differences in
susceptibility to meropenem-vaborbactam. In an attempt to elucidate the molecular 
mechanisms underlying these differences, the Applicant determined: (1) the KPC gene 
copy number, (2) the promoter sequence of the KPC gene, (3) the presence of other beta-
lactamase genes, and (4) the blaSHV gene copy number.
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The Applicant has described the role of OmpK35 and OmpK36 in meropenem-
vaborbactam potency as follows:

 Complete or partial inactivation of major porins or reduced expression of porin 
genes can alter the sensitivity to meropenem and meropenem-vaborbactam in 
clinical isolates of KPC-producing Enterobacteriaceae.

 Surveillance studies indicated a distribution of meropenem-vaborbactam MICs 
which range from ≤0.06 to >8 μg/mL. Strains with meropenem-vaborbactam MIC 
>8 μg/mL represented  ~0.5% of the population of KPC-producing strains. 
Inactivation of both porins appears essential but not sufficient to achieve 
meropenem-vaborbactam MIC >8 μg/mL.

 Differences in blaKPC expression and gene copy number, differences in copy 
number of ESBL genes and differential expression of efflux pumps might affect 
susceptibility to meropenem-vaborbactam observed among KPC-producing 
Enterobacteriaceae. 

 No new allelic forms of KPC with reduced sensitivity to inhibition by 
vaborbactam have been identified by the Applicant.

The Effect of Vaborbactam on Meropenem Resistance Development in
P. aeruginosa.
According to the Applicant, the potency of meropenem-vaborbactam against P. 
aeruginosa is mainly driven by the potency of meropenem alone. Inactivation of oprD 
and overexpression of mexAB-oprM are the major mechanisms of reduced susceptibility 
to meropenem-vaborbactam in the strains that do not express carbapenemases. An 
increase in the emergence of meropenem mutants in response to vaborbactam was not 
observed by the Applicant and in some cases the frequency of resistance to meropenem-
vaborbactam was reduced compared to that for meropenem alone.

Resistance Propensity Testing

Selection of Spontaneous mutants (Single-Step Mutation) 
Single-Step Resistance Development Studies
Single-step resistance development studies were conducted by the Applicant on 27 KPC-
producing Enterobacteriaceae [MVAB-RES-MDCO-040]. These strains were selected to
represent a broad distribution of meropenem MIC values determined in the presence of
vaborbactam at 8 μg/mL (≤0.06 to 32 μg/mL). The selected strain set was enriched with 
KPC-producing strains from the high end of the distribution of meropenem-vaborbactam 
MIC values. Many strains produced ESBL enzymes in addition to KPC.
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Meropenem and vaborbactam both at 8 μg/mL resulted in frequencies of mutant 
emergence rates of <1 x 10-8 for the majority of KPC-producing strains with meropenem-
vaborbactam MICs ranging from ≤0.06 μg/mL to 8 μg/mL. The results of these studies 
were considered by the Applicant to determine the meropenem-vaborbactam dosing 
strategy used in Phase III clinical trials.

                      Table 14: Frequencies of Mutants Emerged at Indicated 
                           Concentrations of Meropenem and Vaborbactam

A. Ten KPC-Producing Strains of K. pneumoniae with varying Levels for Porin 
Expression

B. Eight KPC-Producing Strains of K. pneumoniae with Varying Levels for Porin 
Expression 

C. Eight KPC-Producing Strains of Other Enterobacteriaceae with Varying Levels 
for Porin Expression 
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Reviewer’s Comment
Some of the mutation frequencies were high for certain strains of K. pneumoniae tested 
above. Mutation rates were below 10-7 for the following strains:  KP1087, KP1084, 
KP1093, KP1096, KP1092, and ECL1058. For KP1096, KP192, the vaborbactam 
concentrations were 8 mcg/mL in the presence of 8 mcg/mL meropenem.

Mutation Prevention Concentration

Resistance Studies using KPC-Producing Strains of Enterobacteriaceae to
Define Conditions to Prevent Resistance Development
Numerous strains of KPC-producing Enterobacteriaceae were used in the Applicant’s in 
vitro resistance development/prevention studies to understand drug concentrations 
required to minimize resistance development, including non-beta-lactamase mediated 
mechanisms [MVAB-RESMDCO- 040]. With the goal of minimizing resistance 
emergence, the results of these studies were used to design the meropenem-vaborbactam 
dosing strategy in the Phase III clinical trials. The conclusion of these studies was that the 
combination of 8 μg/mL of both meropenem and vaborbactam was associated with 
suppression of the emergence of mutants with increased meropenem-vaborbactam MICs 
in vitro.

Clinical Study 505: Assessment of Increases in MIC to Meropenem-Vaborbactam
The Applicant analyzed increases in MIC to meropenem-vaborbactam during clinical 
studies 505 and 506. Since study 506 is still ongoing, this review will focus on the 
analysis of study 505 only, which was for patients with complicated urinary tract 
infection (cUTI) including pyelonephritis. 

Study 505 is a randomized, double-blind study of meropenem-vaborbactam or
piperacillin/tazobactam in the treatment of cUTIs/AP. In this study the Applicant reported 
that a few pathogens had a ≥4-fold increase in MIC for post-baseline isolates relative to 
baseline MICs in both the meropenem-vaborbactam and piperacillin-tazobactam groups. 
See tables below:
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Table 15: Number of Subjects in Study 505 with Post-Baseline 
     Isolates Showing ≥ 4-fold MIC Increase to Meropenem-
              Vaborbactam or Pipercillin/Tazobactam

Molecular Mechanisms of ≥4-Fold Increases in Meropenem- Vaborbactam
MIC in Subjects in Study 505
Meropenem-Vaborbactam Treated Subjects
Of the 3 subjects with K. pneumoniae at baseline who received meropenem-vaborbactam 
and had follow-up isolates with ≥4-fold increase in MIC to meropenem-vaborbactam, 
relative to MICs of baseline isolates, 1 occurred at EOT (Subject 100-004-501) and 2 
occurred at TOC (Subjects 100-004-502 and 703-001-513). Meropenem-vaborbactam 
MICs increased from 0.06 μg/mL at baseline to 0.25 μg/mL for follow-up isolates in 2 
subjects (Subjects 100-004-501 and 100-004-502) and from 0.125 μg/mL at baseline to 
0.5 μg/mL for the follow-up isolate in 1 subject (Subject 702-001-513). These increases 
remained in the susceptible range for meropenem. Reportedly, the whole-genome 
sequence analysis showed that the post-baseline isolates likely originated from the 
baseline isolates. The beta-lactamase content and the functional status of major porins are 
summarized in the table below:
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Table 16: Beta-Lactamase Content and Sequence of Major Outer Membrane 
Porin Genes in Pairs of Isolates of K. pneumoniae from 3 subjects with 
       ≥ 4-Fold increases in Meropenem-Vaborbactam in Study 505

The Applicant reported that in the case of KP1349 and KP1350, the elevated meropenem-
vaborbactam MICs are due to a higher expression of the OqxAB and TolC efflux 
operons, compared to their expression in the baseline isolate KP1411. Increased 
expression of OqxAB-TolC also resulted in a 4-fold increase in tigecycline MIC in 
KP1349 and KP1350, compared to that in KP1411. In addition to an increase in OqxAB-
TolC mediated efflux, an increase in beta-lactamase copy number was observed in 
KP1349 and KP1350 relative to KP1411. Evaluation of beta-lactamase copy number by 
qPCR revealed a 3-fold increase in CTX-M-15 copy number for KP1349, relative to 
KP1411 and 2- to 5-fold increases in CTX-M- 15, TEM-1, OXA-1, SHV-1, and CMY-4 
in KP1450, relative to KP1411. Analysis of structural changes in plasmid contigs 
revealed duplication of blaCTX-M-15 at a second site in KP1349 and KP1350 and IS 
interruption of repA2 in KP1350, which has been shown to result in increased
plasmid copy number (Dong et al, 1985). Increase in CTX-M-15 copy number also 
caused an elevated meropenem-vaborbactam MIC in the KP1351 and KP1412 pair. 
KP1412 has a loss-of-function mutation in OmpK35 and a duplication of Gly134 and 
Asp135, located within the L3 internal loop of OmpK36, which have been shown to 
result in a reduction of uptake of both meropenem and vaborbactam. The 2-fold
increase in CTX-M-15 copy number appears to be sufficient to cause a 4-fold increase in 
the MIC of meropenem-vaborbactam in this low-uptake strain.
Analysis of the third pair demonstrated that CTX-M-15 is present in the post-baseline 
isolate KP1360 but not in the baseline strain KP1410. Both strains have increased 
tigecycline MICs suggesting increased activity of efflux pumps. In this background, it 
appears that the addition of CTX-M-15 is sufficient to cause a 4-fold increase in the MIC 
of meropenem-vaborbactam. The changes in meropenem or meropenem-vaborbactam 
MIC all remained within the current meropenem susceptibility breakpoint (and that 
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proposed for meropenem-vaborbactam). Similar mechanisms leading to increases in 
MICs of meropenem alone have been reported (Nordmann et al., 2009; Wozniak et al., 
2012; Goodman et al., 2016).

Reviewer’s Comment
In all three cases, CTX-M-15 was reported by the Applicant to be involved in elevated 
meropenem-vaborbactam MICs observed in the post-baseline isolates. The presence of 
CTX-M-15 was also likely in a background of increased efflux and /or reduced uptake. 

Piperacillin-Tazobactam Treated Subjects
The Applicant reported that in the piperacillin-tazobactam group, 4 subjects had isolates 
with ≥4-fold increase in the MIC of meropenem-vaborbactam at follow-up, relative to 
MICs at baseline. Three of the subjects had P. aeruginosa, and 1 subject had P. mirabilis.
For Subject 804-005-541 (PA5290/PA5292), the meropenem-vaborbactam MICs of the 
baseline and Day 3 isolates of P. aeruginosa were 0.25 μg/mL and 8 μg/mL, respectively. 
Both carried identical sets of plasmid-borne β-lactamases, including class A CTX-M-15, 
TEM-1; class C PDC-31; and class D OXA-396. Based on whole genome sequence 
analysis, these strains were closely related. The Day 3 isolate had a non-functional porin 
OprD, a porin that has been implicated in the uptake of carbapenems in P. aeruginosa, 
which was probably the cause of the elevated meropenem-vaborbactam MIC.

For Subject 804-005-546 (PA5295/PA5296), the meropenem-vaborbactam MICs of the 
baseline and TOC isolates of P. aeruginosa were 0.5 μg/mL and 2 μg/mL, respectively. 
The baseline isolate carried PDC-31 and OXA-396 while the TOC isolate carried CTX-
M-15 and TEM-1 beta-lactamases in addition to the ones found in the isolate at baseline. 
These are the same beta-lactamases that were identified in the Subject 804-005-541. It is 
quite possible that PDC-31 and OXA-396 and CTX-M-15 and TEM-1 are located on 
different plasmids. The TOC isolate, in addition to the 4-fold elevated meropenem-
vaborbactam MIC, also had a 16-fold elevated piperacillin-tazobactam MIC. This 
increase can be explained by the presence of CTX-M-15 in the TOC isolate. 

For Subject 703-005-513, the meropenem-vaborbactam MIC of P. aeruginosa was 
increased from 0.125 μg/mL at baseline to 0.5 μg/mL at TOC. Retesting at Rempex 
demonstrated only 2-fold increase in both meropenem and meropenem-vaborbactam 
MIC, from 0.125 to 0.25 μg/mL. There was no concomitant change in in piperacillin-
tazobactam susceptibility. The tested P. aeruginosa isolates carried PDC-3 and OXA-395 
beta-lactamases and belonged to the same Multi Locus Sequence Type (MLST) group, 
ST111, indicating that they might be related. No further analysis was performed by the 
Applicant.

The increase in meropenem-vaborbactam MIC in 2 patients with infections due to P. 
aeruginosa was attributed to acquisition of a genetically related strain with an elevated 
meropenem-vaborbactam MIC as opposed to modification/acquisition of new 
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determinants by the baseline strain. In one case, this MIC increase was due to inactivation 
of the porin gene oprD. Based on genomic analysis it is not likely that the elevation of 
meropenem-vaborbactam MIC occurred during the course of the therapy.

The meropenem-vaborbactam MIC of the baseline isolate of P. mirabilis from Subject
804-005-526 was elevated from 0.125 μg/mL at Baseline to 0.5 μg/mL at TOC by an
unknown mechanism. Only 2-fold MIC increases were detected upon retesting
at Rempex. No beta-lactamases were detected by the Applicant in those isolates. 

Molecular Mechanisms of ≥4-Fold Increases in Piperacillin-Tazobactam MIC
The increase in piperacillin-tazobactam MIC observed in both treatment groups in the 
majority of cases was associated with an acquisition of an unrelated strain with β-
lactamases, often CTX-M- 15. There were cases in both treatment groups where both the 
post-baseline isolate and the baseline isolate were closely related and piperacillin-
tazobactam MIC was apparently increased due to acquisition of a plasmid that carried a 
beta-lactamase [MVAB-RES-MDCO-075].

Reviewer’s Comment
Some of the molecular mechanisms of reduced susceptibility to meropenem-vaborbactam 
that the Applicant observed in clinical studies were similar to what has been previously 
observed for meropenem alone. These molecular mechanisms may co-exist with other 
mechanisms of resistance, and therefore, it is recommended that the labeling for 
meropenem-vaborbactam include some of the general mechanisms of beta-lactam 
resistance such as over-expression of efflux pumps. See comments associated with 
labeling in this review for further information.

Susceptibility Test Methods and Interpretive Criteria

Effect of Testing Conditions on Activity In Vitro

Effect of medium, inoculum size, pH and serum on in vitro activity
Activity in Human Serum
The Applicant reported that a change in pH to 5 or 6 altered the meropenem/RPX7009 
results for 7 and 2 isolates respectively and these values were higher for KPC-producing 
K. pneumoniae, but lower for other organisms tested. Similar results were obtained by the 
Applicant for meropenem. The Applicant reported that high bacterial inoculum generated 
a higher meropenem/RPX7009 MIC for KPC-producing K. pneumoniae, but that these 
results were not equally high for all isolates. The Applicant also reported that the addition 
of human serum had no significant effects on meropenem-vaborbactam MICs [MVAB-
AST-JMI-026]. In most cases, the change in MIC in the presence of 10% or 50% serum 
altered the meropenem-vaborbactam MIC by 2- to 4-fold, which was within the variance 
of the assay and consistent with the low serum protein binding of meropenem and 
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vaborbactam (<50%). In settings where the meropenem-vaborbactam MICs increased > 
4-fold in the presence of serum, the MICs for these strains under reference conditions 
were less than 0.06 μg/mL, and thus never exceeded 0.25 μg/mL in the presence of serum 
[MVAB AST-JMI-026].

Activity in Human Urine
The activity of meropenem with vaborbactam (fixed 8 μg/mL) was comparable in urine 
and in cation-adjusted Mueller-Hinton broth (CAMHB) against KPC-producing 
Enterobacteriaceae [MVAB-MIS-MDCO-043]. Meropenem alone or with vaborbactam 
was substantially more active in urine than in CAMHB against metallo-β-lactamase-
producing strains of Enterobacteriaceae. This increased potency was observed 
irrespective of the type of MBL and may reflect low zinc concentrations in urine that may 
be required for enzymatic activity by metallo-beta-lactamases.

Activity in the Presence of Surfactant
MIC and MBC values of meropenem and of meropenem with vaborbactam (fixed 8 
μg/mL) against KPC-producing strains of Enterobacteriaceae were unaffected by 
pulmonary surfactant in vitro [MVAB-MIS-MDCO-044].

Susceptibility Test Methods Key findings:
1. Meropenem-vaborbactam broth microdilution assays are reproducible and QC
ranges have been established for meropenem with vaborbactam fixed at 8 μg/mL against
relevant gram-negative organisms.
2. Meropenem-vaborbactam agar dilution and broth microdilution methods provide 
similar results for Enterobacteriaceae.
3. Disk diffusion QC ranges for disks containing 20 μg of meropenem and 10 μg of
vaborbactam have been established against representative gram-negative and -positive
strains. From correlation studies comparing broth microdilution MICs and disk zone
diameters, the Applicant proposed disk susceptibility breakpoints for
Enterobacteriaceae .
4. Sensititre™ dried susceptibility panels have been developed by the Applicant to  
produce similar MIC results to reference broth microdilution panels for meropenem with 
8 μg/mL vaborbactam.

Dilution Techniques

Development of Dilution Test Methods
The Applicant’s rationale for the use of 8 μg/mL of vaborbactam in the susceptibility 
testing of Meropenem-vaborbactam was supported by the following:
 Vaborbactam 8 μg/mL is associated with >90% of the maximal proportion of
KPC-producing isolates inhibited by meropenem 8 μg/mL
 Average free plasma vaborbactam concentrations over 24 h in humans following 2 g
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Table 17: MIC Results for Meropenem-Vaborbactam at Fixed 
8 mcg/mL Against Selected Isolates Under Standard Conditions, 
         at Varying pH and with Varying Inoculum Density

Reproducibility of Broth Microdilution Assays
The Applicant reported that Meropenem-vaborbactam broth microdilution assays were 
reproducible. Triplicate MICs for each of 16 tested gram-negative and -positive isolates, 
including a subset of KPC-producing strains, were within one doubling dilution of each 
other [MVAB-AST-JMI-026].

Broth Microdilution MIC versus Agar Dilution MIC
In the Applicant’s inter-method validation study using 214 tested isolates of 
Enterobacteriaceae and nonfermentative gram-negative bacteria, an essential agreement 
(± 1 dilution) of 90.7% was observed between meropenem-vaborbactam MICs 
determined by agar dilution and the broth microdilution reference method [MVAB-AST-
JMI-061]. The observed essential agreement was reportedly above the threshold of 90% 
essential agreement (± 1 dilution) to establish equivalency between methods that is 
required by CLSI M23A3 guidelines. The agar dilution method was not recommended 
for MIC determination of P. aeruginosa due to a lower than acceptable essential 
agreement (66.7%).
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Applicant stated that the development of breakpoints followed guidance by CLSI, FDA 
and EMA and focused on the following:

 MIC distributions for clinical isolates of target species
 Non-clinical models of infection, including PK-PD analyses
 Response in clinical trials of patients
 PK and PK-PD analyses from clinical studies, including use of Monte Carlo 

simulation of human PK data and to assess achievement of PK-PD targets 
identified from nonclinical models of infection.

The Applicant described the following: Analysis of meropenem-vaborbactam 
(vaborbactam tested at fixed 8 μg/mL) MIC distributions for target pathogens were used 
to identify microbiological cutoff values that were likely to distinguish between 
susceptible and resistant organisms, with a particular focus on KPC-producing 
carbapenem-resistant Enterobacteriaceae. Animal and in vitro models of infection using 
simulated human plasma PK for meropenem 2 g vaborbactam 2 g infused over 3 hours 
q8h demonstrated antibacterial effects over a range of meropenem-vaborbactam MICs in 
KPC-producing strains of Enterobacteriaceae. Animal and in vitro models of infection 
were also used by the Applicant to identify PK-PD indices associated with efficacy. For 
vaborbactam, the ratio of free vaborbactam 24 hour AUC:meropenem-vaborbactam MIC 
was the PK-PD index associated with antibacterial effects in animal and in vitro models 
of infection when used with PK-PD optimized exposures of meropenem. 
Analysis of results from patients treated with meropenem-vaborbactam in controlled 
clinical trials examined clinical and microbiological response according to MIC, as well 
as according to individual patient PK-PD indices. Neither analysis identified an MIC 
cutoff value or the magnitude of vaborbactam or meropenem PK-PD indices associated 
with efficacy. This was largely due to the high response rates to meropenem-vaborbactam 
in patients with cUTIs in the trials, and dosage regimens that provided high exposures 
and thus high PK-PD indices for both drugs. Nonclinical efficacy PK-PD targets were 
used in a Monte Carlo PK-PD simulation of meropenem and vaborbactam plasma 
concentrations using the proposed dosage regimen of meropenem 2 g-vaborbactam 2 g as 
a 3 hour infusion q8h. PK-PD exposure targets from nonclinical models for meropenem 
and vaborbactam in Enterobacteriaceae (including KPC-producing strains) and P. 
aeruginosa were obtained in >90% of simulated patients for meropenem-vaborbactam 
MICs ≤ 8 μg/mL (with a fixed 8 μg/mL of vaborbactam). The following MIC breakpoints 
for meropenem-vaborbactam (8 μg/mL) were proposed by the Applicant:
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Table 18: Meropenem-Vaborbactam MIC Distributions for Enterobacteriaceae, 
     KPC-Producing Enterobacteriaceae, and P .aeruginosa Based on In Vitro 
                   Surveillance Data Collected from Regions Worldwide

Efficacy in Animal and in Vitro Models of Infection Using Simulated Human
Exposures of Meropenem-Vaborbactam
Animal and hollow-fiber studies were done by the Applicant with KPC-producing 
isolates of Enterobacteriaceae using simulated human exposures for meropenem 2 g-
vaborbactam 2 g infused over 3 hours q8h. Eight K. pneumoniae, four E. cloacae, and 
one E. coli with meropenem MICs (tested with vaborbactam at 8 μg/mL) that ranged 
from ≤0.06 to 16 μg/mL were studied in a neutropenic mouse thigh infection model. 
Seventeen KPC-producing strains (13 K. pneumoniae, three E. cloacae, and one E. coli) 
with meropenem-vaborbactam (vaborbactam fixed at 8 μg/mL) MICs that ranged from 
≤0.06 μg/mL to 64 μg/mL were tested in a hollow-fiber model using PK data from 
normal subjects. These studies showed bactericidal effects and no emergence of 
resistance in all KPC-producing Enterobacteriaceae with meropenem-vaborbactam MICs 
≤8 μg/mL.
For strains with meropenem-vaborbactam MICs of ≥16 μg/mL, an increase in bacterial 
counts at 24 hours was observed. When the exposure of vaborbactam was retested using 
the mean value observed in patients enrolled in Phase III trials (24 h free vaborbactam 
AUC ~550 mg*h/L in infected patients compared to 320 mg*h/L in normal healthy 
subjects), bactericidal effects and no regrowth was observed for the strain with a 
meropenem-vaborbactam MIC of 16 μg/mL. 

Reviewer’s Comment
The Applicant used these studies to support a susceptible meropenem-vaborbactam 
breakpoint of:  μg/mL (8 μg/mL of vaborbactam). This reviewer defers to the 
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Agency’s clinical pharmacology reviewer for the determination of the adequacy of the 
simulated clinical exposures used in the studies above and the nonclinical PK-PD targets 
described by the Applicant below.

Nonclinical PK-PD Targets for Efficacy
Animal and in vitro models of infection were also used by the Applicant to determine 
meropenem and vaborbactam PK-PD indices associated with antibacterial effects. These 
studies considered targets of free meropenem concentrations exceeding the meropenem-
vaborbactam MIC (T>MIC) for 35-45% of a dosing interval. Studies in animal models of 
infection using KPC-producing carbapenem-resistant Enterobacteriaceae with human 
exposures corresponding to meropenem 2 g infused over 3 hour q8h showed that the ratio 
of free vaborbactam 24h AUC:meropenem-vaborbactam MIC (vaborbactam tested at 
fixed 8 μg/mL) was best associated with antibacterial effects, with a target value of at 
least 12. The Applicant suggested that the PK-PD index was readily achieved in infected 
patients treated with meropenem 2 g- vaborbactam 2 g as a 3 hour infusion q8h [Study 
00373-2], and the proposed meropenem-vaborbactam susceptibility breakpoint.

Clinical Trial Results and Monte Carlo Simulation
The Applicant used the following to support susceptibility breakpoints following Phase 
III clinical trials:

 Clinical response correlated to meropenem-vaborbactam MIC
 Correlation of clinical or microbiological response in the ME populations from 

clinical trials with patient PK data
 Nonclinical PK-PD target attainment in the subjects studied in Phase III trials
 Monte Carlo simulation of patients and nonclinical PK-PD targets

Clinical and Microbiological Outcomes by Meropenem-Vaborbactam MIC
The rate of favorable responses in subjects that received meropenem-vaborbactam in the
Phase III of cUTIs (Study 505) was evaluated by the Applicant according to meropenem-
vaborbactam MICs. The tables below show the results for clinical, microbiological, and 
combined endpoints for pooled baseline Enterobacteriaceae and for individual 
Enterobacteriaceae for the m-MITT population.
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Table 19: Clinical, Microbiological and Overall Responses by Meropenem-Vaborbactam           
MIC Against All Enterobacteriaceae from Study 505 at the End of IV Treatment 
                  for the Microbiological Modified Intent-to-Treat Population

          Table 20: Clinical, Microbiological and Overall Responses by
           Meropenem-Vaborbactam by MIC Against Individual Enteric
                             Gram-negative Bacilli from Study 505
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Most Enterobacteriaceae isolates in the clinical studies had an MIC of ≤0.06 μg/mL. The 
only microbiological and clinical failures were observed in the group with meropenem-
vaborbactam MIC ≤0.06 μg/mL (2 E. coli, 1 K. pneumoniae). The Applicant stated that 
the only isolate with a meropenem-vaborbactam MIC >0.5 μg/mL was an OXA-48-
producing strain of K. pneumoniae with a meropenem-vaborbactam MIC of 32 μg/mL; 
this isolate was successfully treated with meropenem-vaborbactam.

Reviewer’s Comment
Review of the pathogens at baseline among patients in study 505 showed that there were 
3 isolates with meropenem-vaborbactam MICs greater than 0.5 mcg/mL. These three 
included the K. pneumoniae isolate of 32 mcg/mL that was identified by the Applicant, 
but also two non-Enterobacteriaceae: an Acinetobacter baumannii isolate of 64 mcg/mL 
and P. aeruginosa of 64 mcg/mL. The Agency does not recommend that A. baumannii be 
included in the labeling for meropenem-vaborbactam. In addition to those isolates with 
MIC90 of 64 mcg/mL in clinical trial study 505, the MIC90 in vitro from surveillance 
studies was also 64 mcg/mL. See Surveillance Studies and Labeling Comments sections 
of this review for further details. 

The analysis of outcomes for Enterobacteriaceae demonstrated no obvious cutoff in MIC 
that discriminated between successes and failures. The table below shows the results for 
clinical, microbiological, and combined endpoints for five baseline isolates of non-
fermenting bacteria, four isolates of P. aeruginosa, and one isolate of A. baumannii. 
Meropenem-vaborbactam MICs in this group ranged from 0.25 to >64 μg/mL. The rate 
of overall success in this group was 100%, and therefore, no clinical cut-off could be 
determined.

          Table 21: Clinical, Microbiological and Overall Responses by 
            Meropenem-Vaborbactam MIC Against Non-fermenting 
                        Gram-negative Bacilli from Study 505
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The table below shows the results for clinical, microbiological, and combined endpoints 
for 12 baseline isolates of the gram-positive pathogen Enterococcus faecalis. 
Meropenem-vaborbactam MICs in this group range from 4 to >8 μg/mL. The rate of 
overall success was also 100%, and therefore was not correlated to MIC values.

       Table 22: Clinical, Microbiological and Overall Responses by 
Meropenem-Vaborbactam MIC Against Enterococcus faecalis from Study 505

Reviewer’s Comment
An analysis of clinical data from Study 505 showed that there was no correlation between 
increasing meropenem-vaborbactam MIC and clinical outcome (e.g. an increase in 
clinical failures).

Patient PK-PD, Clinical Response and Comparison with Nonclinical Targets
An analysis was done by the Applicant to determine if patients treated with meropenem-
vaborbactam in Phase III trials had plasma concentrations and exposures that could be 
correlated with clinical observations in the trial was performed. The population PK model 
was used to derive estimates of individual patient PK parameters for meropenem and 
vaborbactam. Using each patient’s meropenem and vaborbactam PK, MIC data, and 
clinical outcome data, assessments of the relationships between meropenem and/or 
vaborbactam exposure and efficacy were conducted in: 1) all patients with cUTIs in 
Study 505 and Study 506, and 2) all patients with infections due to KPC-producing CRE.

Monte Carlo Patient Simulation Studies
Using the previously-developed population PK models for meropenem and vaborbactam, 
nonclinical PK-PD targets for efficacy, in vitro surveillance data, and Monte Carlo 
simulation, percent probabilities of PK-PD target attainment were evaluated by the 
Applicant for meropenem-vaborbactam dosing regimens administered to simulated 
patients with normal renal function and renal impairment
For the evaluation of probability of PK-PD target attainment by MIC for P. aeruginosa, 
free meropenem %T>MIC targets relative to the meropenem-vaborbactam MIC value 
were assessed, but vaborbactam PK-PD was not considered since vaborbactam has little 
or no beta-lactamase inhibitory effects in P. aeruginosa. 
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Table 24: Data Sets Used to Establish Disk Interpretive Criteria

Disk Diffusion Techniques

Disk Diffusion Susceptibility Testing
Determination of Appropriate Disk Mass
Several studies were performed to determine the appropriate disk mass for the 
meropenem-vaborbactam disk. Analysis was performed by the Applicant using MIC/disk 
diffusion zone diameter regression analysis using CLSI M23-A3 (2008) criteria to 
discriminate between wild-type susceptible populations and those organisms intrinsically 
non-susceptible to meropenem-vaborbactam combination or having an acquired 
resistance mechanisms.

In the first study [MVAB-AST-JMI-012], three different concentrations of vaborbactam 
(5, 10 and 20 μg) were tested in combination with 10 μg meropenem, which is a 
meropenem disk mass that has been previously developed according to CLSI 
specifications. The study involved testing of 400 isolates of gram-negative bacteria 
including 100 KPC-producing isolates of Enterobacteriaceae; the CLSI MIC and disk 
diffusion breakpoints for meropenem were applied for analysis purposes to evaluate the 
disk contents for meropenem-vaborbactam. The study demonstrated unacceptable error 
rates using I±1 dilution method. Furthermore, for several isolates that did not contain 
vaborbactam-sensitive beta-lactamases, the zone diameters of various meropenem-
vaborbactam disks were smaller than those of meropenem disk alone potentially due to 
the slowed diffusion of meropenem in the presence of vaborbactam.

In the second study [MVAB-AST-JMI-013], three different concentrations of 
vaborbactam (5, 10 and 20 μg) were applied to a 20 μg meropenem disk; these disks were 
tested against 60 strains of gram-negative bacteria including KPC-producing isolates. The 
target disk diffusion performance was a zone diameter of 15 – 25 mm to correlate with a 
MIC susceptibility breakpoint of ≤8 μg/mL of meropenem with a fixed 8 μg/mL of 
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vaborbactam. Based on the results of this study, disk contents of 20/20 μg and 20/10 μg 
(meropenem/vaborbactam) were chosen for further development. Both disk 
configurations were evaluated by testing (in duplicate) 202 isolates of Enterobacteriaceae 
including 100 KPC-producing strains and 200 strains of non-fermenting bacteria 
[MVAB-AST-JMI-027]. The Applicant found the performance of the two meropenem-
vaborbactam disk concentrations was very similar and both were acceptable for 
Enterobacteriaceae and Acinetobacter spp. 

Reviewer’s Comment
The Applicant had some issues with higher error rates and slow diffusion with the disk 
diffusion testing in early studies, but was able to determined disk concentrations that 
were acceptable after further study.

An additional 154 isolates of P. aeruginosa were tested (in duplicates) in a separate study 
[MVAB-AST-JMI-049] using 20/10-μg disk. This panel included 99 isolates that 
represented the wild-type distribution for this species when tested for meropenem-
vaborbactam, and 55 isolates displaying meropenem-vaborbactam MIC results of 4 to 16 
μg/mL (mainly with deficiencies in oprD expression). Based on results of these two 
studies, the 20/10-μg disk mass was finalized and chosen for further development.

Cross-tabular plots of MIC and disk zone results are shown in the figures below. Each 
cross-tabular plot includes error rate analyses using M23 (4th ed.) criteria and the 
Applicant’s proposed interpretive criteria for meropenem-vaborbactam (
for susceptible/ intermediate/ resistant categories). The disk interpretive criteria were 
selected in an effort to provide adequate discrimination between targeted susceptible and 
resistant organism populations. 

The results of the Applicant’s error analysis at the proposed disk breakpoints are 
summarized in the table below [adapted from MVAB-AST-JMI-027 and MVAB-AST-
JMI-049]. No very major or major errors were observed for the tested 456 gram-negative 
isolates. Total minor error rates varied from 1.5% for Enterobacteriaceae to 10% for P. 
aeruginosa and the discrepancy rates were within the CLSI recommended ranges.

The Applicant stated that the CLSI guidelines for acceptable discrepancy rates (CLSI, 
M23-A4) when evaluating MIC versus disk diffusion zone diameters in the ≥I+2 range 
for very major, major and minor errors are <2%, NA, and <5%, respectively. Guidelines 
for acceptable discrepancy rates in the ≥I+1 to I-1 range for very major, major and minor 
errors are <10%, <10%, and <40%, respectively. Guidelines for acceptable discrepancy 
rates in the ≤I-2 range for very major, major and minor errors are NA, <2%, and <5%, 
respectively. The Applicant sited the CLSI guidelines (CLSI M23-A4, Appendix E; page 
65) which states that when a small number of isolates occur in a category, error rates may 
be higher than those recommended in the CLSI guidelines and still be considered 
acceptable. 
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                   Table 26: Summary of CLSI Disk Diffusion Quality Control 
                                  Ranges for Meropenem-Vaborbactam Disks

Studies Using clinical isolates from meropenem-vaborbactam clinical studies
For the five QC isolates included in testing in the clinical studies 505 and 506, 100% of 
the zone diameters obtained with meropenem-vaborbactam (20/10) disks were within the 
Applicant’s proposed QC ranges (QC ranges indicated by blue shading). See table below:

  Table 27: Meropenem-Vaborbactam (20/10) Disk Zone Diameters Obtained for 
the QC Strains Used for Testing Patient Isolates from Clinical Studies 505 and 506

Proposed Quality Control (QC) Ranges
The Applicant also did studies following CLSI M23 Tier 2 QC and CLSI M07-A10 broth 
microdilution MIC guidelines [MVAB-AST-JMI-015, MVAB-AST-JMI-058]. 
Meropenem-vaborbactam (vaborbactam fixed at 8 μg/mL) broth microdilution MIC QC 
ranges determined for S. aureus ATCC 29213, Escherichia coli ATCC 25922, 
Escherichia coli ATCC 35218, P. aeruginosa ATCC 27853 and Klebsiella pneumoniae 
ATCC 700603, K. pneumoniae BAA-1705 and K. pneumoniae BAA- 2814 (KP1074) 
spanned three to four doubling dilutions, depending on the isolate (See table below). Of 
note, two strains, KP1074 and BAA-1705 that produce KPC-carbapenemase, and are 
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Antimicrobial interactions and fixed combination studies 

Combination Studies with Meropenem-Vaborbactam and Other Antimicrobials
Fractional Inhibitory Concentration
Gram-Negative Bacteria
Clinical isolates of Enterobacteriaceae (62), P. aeruginosa (19) and A. baumannii (26), 
were used by the Applicant to study the activity of meropenem with vaborbactam at 8 
mcg/mL combined with other antimicrobial agents that are used to treat gram-negative 
infections. In vitro checkerboard MIC experiments (Odds, 2003] with levofloxacin, 
amikacin, tigecycline, and polymyxin B primarily yielded no interaction (0.5 <FIC index 
≤4), with very infrequent occurrence of synergism (FIC ≤0.5) [MVAB-MIS-MDCO-
047]. No antagonistic interactions (FIC index >4) between meropenem or meropenem-
vaborbactam and the tested agents were detected in vitro against these clinical isolates. 
The Applicant reported that vaborbactam potentiated the in vitro activity of all tested 
beta-lactam antibiotics (meropenem, aztreonam, ceftazidime, cefepime) against KPC-
producing, metallo-beta-lactamase-negative or OXA-48-negative isolates of 
Enterobacteriaceae. The Applicant reported that vaborbactam reduced the meropenem 
MIC against a few isolates of KPC-producing strains of P. aeruginosa [MVAB-MIS-
MDCO-056] and A. baumannii [MVAB-MIC- -020].

Gram-Positive Bacteria
Vaborbactam did not antagonize the in vitro activities of the anti-gram-positive agents, 
meropenem, vancomycin, linezolid, oritavancin or daptomycin against methicillin-
sensitive S. aureus, methicillin-resistant S. aureus, methicillin-susceptible S. epidermidis, 
methicillin-resistant S. epidermidis, penicillin-resistant S. pneumoniae, vancomycin-
sensitive enterococci and vancomycin-resistant enterococci [MVAB-MIS-MDCO-052]. 
For agent/organism combinations for which breakpoints have been proposed by the 
Applicant, no categorical changes were observed when the agents were tested in the 
presence of 8 mcg/mL vaborbactam. Vaborbactam did not affect the in vitro activity of 
meropenem, azithromycin, or levofloxacin against Streptococcus spp. including S. 
agalactiae, S. pyogenes, and S. pneumoniae [MVAB-MIS-IHMA-066]. Similarly, 
vaborbactam had little impact on linezolid in vitro activity against these streptococci. The 
addition of vaborbactam to meropenem, azithromycin, levofloxacin or linezolid in vitro 
did not result in any categorical interpretive changes against Streptococcus spp.

Anaerobic Bacteria
For a majority of tested strains of the Bacteroides fragilis group, including 10 strains with
elevated imipenem/meropenem MICs, vaborbactam did not potentiate meropenem 
activity [MVAB-MIC-RMA-051]. For a few strains, particularly those with meropenem 
MICs below 0.5 mcg/mL, up to 4-fold potentiation of meropenem activity by 
vaborbactam was observed. For strains with meropenem MICs of <8 mcg/mL and 
ampicillin-clavulanic acid MICs <1 mcg/mL, vaborbactam potentiated ampicillin-
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clavulanic activity by up to 8-fold. Vaborbactam did not antagonize the activities of 
piperacillin-tazobactam, nor did it antagonize the activity of the non-beta-lactam 
antibiotics metronidazole, clindamycin and moxifloxacin. In summary, vaborbactam has 
an indifferent effect on the in vitro activity of non-beta-lactam antibacterial agents against 
Enterobacteriaceae, P. aeruginosa, A. baumannii, B. fragilis group organisms, S. aureus, 
streptococci and enterococci.

Reviewer’s Comment

Other effects of Antibacterial Drug Product
Postantibiotic and Post Beta-Lactamase Inhibitor Effects were described by the Applicant 
as follows: The post-antibiotic effect (PAE) is suppression of bacterial growth after a 
brief exposure to a single antibacterial agent or to a combination of an antibacterial agent 
and a beta-lactamase-inhibitor. The PAE of meropenem-vaborbactam ranged from 0 to 
0.75 hour against three KPC-expressing strains, and was independent of the tested 
concentration of the drug combination [MVAB-MIS-MDCO-056]. In the same study, 
against three corresponding KPC-negative strains of Enterobacteriaceae and against three 
strains of P. aeruginosa, the meropenem-vaborbactam PAE ranged from 0 to 1.75 hours, 
similarly with no discernable relationship between drug concentration and length of PAE. 
For beta-lactam/ beta-lactamase inhibitor combinations, when the beta-lactamase 
inhibitor has been removed after a brief exposure and the bacteria are only exposed to 
antibiotic, the phenomenon of persistent suppression of bacterial growth is called the 
post-beta-lactamase-inhibitor effect (PLIE). The PLIE of meropenem-vaborbactam 
ranged from 0 to 1.25 hours against three KPC-expressing strains of Enterobacteriaceae 
[MVAB-MIS-MDCO-056]. In the same study, the meropenem-vaborbactam PLIE 
against one strain of P. aeruginosa ranged from 0 hours at 1X MIC to 3.25 hours at 2X 
and 4X MIC. In general, the meropenem-vaborbactam PAE and PLIE against the tested 
strains of Enterobacteriaceae and P. aeruginosa were generally found to be short and 
independent of the tested antibiotic concentrations.

ANIMAL MODELS OF INFECTION 

Key findings:
1. Inhibition of serine carbapenemases such as KPC by vaborbactam in vitro was in 
agreement with the restoration of meropenem activity against carbapenem resistant 
strains of Enterobacteriaceae in vivo.
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2. For P. aeruginosa and A. baumannii, vaborbactam did not impact the activity of
meropenem in vivo, as was expected.

Efficacy studies with meropenem-vaborbactam in animals included Study SR13-223, 
Study SR16-049, Study 2014-01, Study 2015-01, and Study SR16-050.

Activity of Meropenem-Vaborbactam in Animal Models of Infection due to
KPC-Producing Enterobacteriaceae
The Applicant compared the antibacterial effects of meropenem in combination with 
vaborbactam with those of meropenem alone in a neutropenic mouse thigh infection 
model, a neutropenic mouse lung infection model, and a mouse ascending UTI model 
using carbapenem-resistant, Class A serine carbapenemase producing strains of K. 
pneumoniae, E. coli, and E. cloacae [Study SR13-223, Study SR16-049, Study 2014-01, 
Study 2015-01]. These strains had meropenem MICs ranging from 8 μg/mL to 512 
μg/mL and meropenem-vaborbactam MIC (with vaborbactam at 8 μg/mL) ranging from 
≤0.06 μg/mL to 16 μg/mL (see table below). Many of the strains produced various beta-
lactamases in addition to KPC, and also were defective in one or both major porins.

                Table 29: MICs for the Strains Used in the Mouse Models of Infection
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Mouse Thigh Infection Model

Activity of Meropenem Alone and in Combination with Vaborbactam in
Neutropenic Mouse Thigh Infection Model Against Carbapenem-Resistant
Enterobacteriaceae
The Applicant used Female CFW (Swiss) mice (N=2/group) in a neutropenic mouse 
thigh infection model. Mice were administered 100 mg/kg, 200 mg/kg, or 300 mg/kg of 
meropenem alone or in combination with 50 mg/kg of vaborbactam. All doses were 
administered every 2 hours for a 24-hour period for a total of 12 doses [Study SR12-223, 
Study SR16-049]. Results are shown in the table below.

Table 30: Change in Log CFU/Thigh Over 24 Hours in Mice Infected with Various 
KPC-producing Strains of Enterobacteriaceae When Treated with 
Exposures Equivalent to Meropenem 2g and Vaborbactam 2g Administered 
every 8 Hours by 3-Hour Infusion in Humans

Source: This submission.

Reviewer’s Comment
For the strains tested by the Applicant above, meropenem alone either had a static effect 
or slight reduction in bacterial counts in the lung. When these dosage regimens of 
meropenem were administered in combination with vaborbactam, the regimens reduced 
bacterial counts in the strains tested. The Applicant used this data to provided evidence 
that vaborbactam restored the activity of meropenem against carbapenem-resistant, Class 
A serine carbapenemase producing strains of Enterobacteriaceae in a neutropenic mouse 
thigh infection model. However, there was a lack of correlation between the meropenem-
vaborbactam MIC and change in log CFU/Thigh in some instances.

Comparison of the bacterial killing in vivo with the MIC results for 2 strains was noted 
by the Applicant. For strains KP1094 and KP1223, the meropenem MICs were 32 and 64 
μg/mL, respectively, when tested with a fixed concentration of 4 μg/mL of vaborbactam. 
When the meropenem MIC was determined with vaborbactam fixed at 8 μg/mL, the 
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MICs for meropenem were 4 and 8 μg/mL, which the Applicant stated was consistent 
with the PK-PD breakpoint for a 2 g dose of meropenem. The Applicant used this data as 
evidence that the meropenem MIC in combination with a fixed vaborbactam 
concentration of 8 μg/mL is predictive of the in vivo results with meropenem plus 
vaborbactam at simulated human exposures for 2 g doses of each component.

Activity of Meropenem-Vaborbactam in a Neutropenic Mouse Thigh Infection 
Model against P. aeruginosa and A. baumannii
The antibacterial effects of meropenem-vaborbactam were assessed in a neutropenic 
mouse thigh infection model using three P. aeruginosa strains with meropenem and 
meropenem-vaborbactam MICs of 2 to 4 μg/mL and three A. baumannii strains with 
meropenem and meropenem-vaborbactam MICs of 2 to 8 μg/mL [Study SR16-050].
Mice were administered 50, 100 and 300 mg/kg of meropenem alone and 300 mg/kg of
meropenem in combination with 50 mg/kg of vaborbactam for studies against P. 
aeruginosa. Mice were administered 100 and 300 mg/kg of meropenem in combination 
with 50 mg/kg of vaborbactam for studies against A. baumannii. All doses were 
administered by the intraperitoneal route every 2 hours for a 24-hour period.
Meropenem and meropenem-vaborbactam were effective against all strains of P. 
aeruginosa and A. baumannii tested, with at least 2.5 logs of bacterial killing over 24 
hours. These data provide evidence that in the neutropenic mouse thigh infection model, 
vaborbactam does not adversely impact the activity of meropenem in treatment of P. 
aeruginosa or A. baumannii.

Mouse Lung Infection Model

Activity of Meropenem Alone and in Combination with Vaborbactam in
Neutropenic Mouse Lung Infection Model Against Carbapenem-Resistant
Enterobacteriaceae
The strains tested in the neutropenic mouse lung infection model had meropenem-
vaborbactam (vaborbactam tested at 8 μg/mL) MICs of ≤0.5 μg/mL. Female CFW 
(Swiss) mice (N=5/group) were administered 100 mg/kg, 200 mg/kg, or 300 mg/kg of 
meropenem alone or in combination with 50 mg/kg of vaborbactam. All doses were 
administered every 2 hours for a 24-hour period for a total of 12 doses. The change in 
log10 colony-forming units (CFU) per lung from the start of treatment is shown in the 
table below.
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Table 31: Change in Log CFU/Lung Over 24 Hours in Mice Infected with 
Various KPC-  Producing Strains of Enterobacteriaceae when Treated with 
Meropenem Alone or in Combination with Vaborbactam 50 mg/kg

For both strains, meropenem alone either had a static effect or allowed for bacterial 
growth over the test period. When these dosage regimens of meropenem were 
administered in combination with vaborbactam, bacterial counts in the lung were 
reduced.

Mouse Urinary Tract Infection Model

Activity of Meropenem-Vaborbactam in a Mouse Model of Ascending Urinary
Tract Infection Against Carbapenem-Resistant K. pneumoniae and E. coli.
The antibacterial effects of meropenem-vaborbactam were assessed in a mouse model of
ascending UTI [Study 2014-01, Study2015-01]. K. pneumoniae UNT170-1 (meropenem 
MIC = 32 mcg/mL; meropenem-vaborbactam MIC = ≤0.06 mcg/mL) and E. coli 
UNT167-1 (meropenem MIC = 32 mcg/mL; meropenem-vaborbactam MIC = ≤0.06 
mcg/mL) were tested by the Applicant. Female CFW (Swiss) mice (N=5/group) were 
administered 100 mg/kg, 200 mg/kg, or 300 mg/kg of meropenem alone or in 
combination with 50 mg/kg of vaborbactam. All doses were administered every 2 hours 
for a 24-hour period for a total of 12 doses. In this model, meropenem alone had some 
antibacterial effects in the kidneys from some animals compared to untreated controls; 
however, the addition of vaborbactam enhanced the activity of all meropenem doses (See 
figures below).
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Figure 10: Activity of Meropenem Alone and In Combination with Vaborbactam Against 
Carbapenem-Resistant K. pneumoniae UNT170-1 in a Mouse Model 
                          of Ascending Urinary Tract Infection

Reviewer’s Comment
In the figure above, the Applicant used the term RPX7009, which was a former name for 
vaborbactam

Figure 11: Activity of Meropenem Alone in Combination with Vaborbactam 
Against Carbapenem-Resistant E. coli UNT167-1 in a Mouse Model of 
                          Ascending Urinary Tract Infection
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Summary
Efficacy studies with meropenem-vaborbactam in animals confirmed that potent 
inhibition of serine carbapenemases such as KPC by vaborbactam that was observed in 
vitro could be translated to restoring meropenem activity against carbapenem resistant 
strains of Enterobacteriaceae in vivo. For P. aeruginosa and A. baumannii, vaborbactam 
did not impact the activity of meropenem in vivo, as was expected.

PHARMACOKINETICS/PHARMACODYNAMICS

Introduction
The dose and dosage regimen of meropenem-vaborbactam were designed by the 
Applicant to maximize efficacy and minimize the likelihood of resistance development 
for strains that are non-susceptible to meropenem alone. The doses of meropenem and 
vaborbactam were chosen based on PK/PD studies in animal and in vitro models of 
infection. The studies in in vitro models of infection allowed for detection of resistance 
and identified conditions and PD parameters associated with resistance prevention. The 
resulting dosage regimen proposed by the Applicant was meropenem 2 g plus 
vaborbactam 2 g administered as a 3-hour infusion q8h.

PK-PD of Meropenem against Enterobacteriaceae and P. aeruginosa
Since meropenem has time-dependent bactericidal activity, the Applicant determined that 
the relationship that best describes the antibacterial activity of meropenem is the 
proportion of the dosing interval for which the free drug levels exceed the MIC, or 
%ƒT>MIC. The magnitude that the Applicant correlated best with efficacy in vitro, 
animals, and humans was a %ƒT>MIC of 30-40% (Nicolau, 2008).

Setting Meropenem Breakpoint Target Based on PK-PD and the Target
Attainment Analysis At Higher Dose
The target attainment for meropenem used data from a 10,000 patient Monte Carlo 
simulation of different meropenem dosage regimens based on data from normal subjects, 
including 2 g q8h by 3-hour infusion. The PK/PD target in this figure was the amount of 
time free meropenem concentrations exceed the MIC for 40% of the dosing internal. The 
Applicant concluded that the higher dose and prolonged infusion of meropenem achieves 
the target exposure in 100% of simulated subjects for MICs up to 8 μg/mL. The current 
approved dosage regimen of 1 g q8h over 30 minutes achieves the target exposure for 
~90% of simulated patients with MICs up to 1 μg/mL (Kuti et al., 2003; Lee et al., 2010; 
Bhavnani, 2010).
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Figure 12: Monte Carlo PK/PD Analysis (10,000 Simulated Patients) 
       of Higher Dose Meropenem on Gram-negative Bacteria

Source: Kuti et al., 2003, Lee et al., 2010, Bhavnani S, 2010.

Based on the Applicant’s analysis, the PK-PD and target attainment analyses for a dose 
of meropenem of 2 g q8h using an extended 3-hour infusion was expected to supply 
sufficient exposures for meropenem MICs of ≤8 μg/mL.

Key findings:
1. Based on the PK results from Phase I studies, the humanized exposures of meropenem
and vaborbactam required to produce antibacterial activity and suppress the development
of resistance against carbapenem-resistant, KPC-producing strains of Enterobacteriaceae
with meropenem MICs of ≤8 μg/mL with vaborbactam 8 μg/mL were identified by the 
Applicant. Exposures correspond to meropenem 2 g-vaborbactam 2 g administered q8h 
by 3-hour infusion.
2. Using the mean humanized exposures of meropenem and vaborbactam from Phase III 
studies [Study 505; Study 506; Study 00373-1]; strains with meropenem MICs of 16 
μg/mL in the presence of vaborbactam at 8 μg/mL were treated without regrowth.
3. Bacterial killing using humanized exposures with meropenem 2 g – vaborbactam 2 g
infused over 3 hours q8h correlated with the meropenem MIC tested with a fixed
concentration of 8 μg/mL of vaborbactam.

Reviewer’s Comment
The following figures were included by the Applicant regarding the PK-PD target 
attainment using simulated patients with cUTI. This information was useful in 
determining whether the PK-PD could support the Applicant’s proposed breakpoints and 
also for the recommendation to revise the Applicant’s proposed breakpoints. A 
susceptible breakpoint of ≤8 mcg/mL, could be supported by the PK/PD analysis of the 
%T>MIC targets. See clinical pharmacology review for further information.
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Figure 13: Probability of PK-PD Target Attainment by MV MIC Based on Free-Drug 
Meropenem %T>MIC Targets Among Simulated Patients with cUTI, Overlaid Upon the 
Meropenem-Vaborbactam MIC Distribution for 11,559 Enterobacteriaceae Isolates

Table 32: Percent Probabilities of Target Attainment by Meropenem-vaborbactam MIC 
and Overall for Meropenem-vaborbactam Dosing Regimens Based on the Assessment of 
Three Free-drug Plasma Meropenem %T>MIC Targets and 11,559 Enterobacteriaceae 

Among Simulated Patients with cUTI
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Figure 14: Probability of PK-PD Target Attainment by MV MIC Based 
on Free-Drug Meropenem %T>MIC Targets Among Simulated Patients 
with cUTI, Overlaid Upon the Meropenem-Vaborbactam MIC 
Distribution for 1,331 KPC-producing Enterobacteriaceae Isolates

The Applicant also provided PK-PD target attainment information for P. aeruginosa, as 
shown below:

Figure 15: Probability of PK-PD Target Attainment by MV MIC Based on Free-Drug 
Meropenem %T>MIC Targets Among Simulated Patients with cUTI, Overlaid Upon the 
Meropenem-Vaborbactam MIC  Distribution for 2,806 P. aeruginosa isolates
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In Vitro Pharmacologic Studies

Pharmacodynamics of Meropenem and Vaborbactam Against KPC-Producing
Carbapenem-Resistant Enterobacteriaceae in an In Vitro Hollow Fiber Model
The antibacterial effects of humanized dosage regimens of meropenem and vaborbactam 
against carbapenem-resistant, KPC-producing strains of K. pneumoniae, E. coli and E. 
cloacae strains were evaluated by the Applicant in an in vitro hollow fiber model. Studies 
were conducted with ~108 CFU/mL to assess development of resistance [Study SR16-
038; Study SR16-111]. The MICs for the strains tested in the in vitro hollow fiber PD 
model are shown in Table below. Many of the strains produced additional beta-
lactamases in addition to KPC and were defective in one or both major outer membrane 
porins associated with carbapenem entry into cells.

Table 33: MICs for E. coli, E. cloacae, and K. pneumoniae Strains

Reviewer’s Comment
In vitro PK/PD models assist in the determination of the dosage to be used in human 
clinical trials. The in vitro hollow fiber model was used by the Applicant to simulate 
changes in drug concentration over time, in an effort to mimic what would occur in the 
human body. It is important to recognize, however, that this model has its own 
limitations, as unlike the human body, it does not have an immune system or serum for 
drug binding, and therefore the drug exposure profiles required for bacterial killing are 
going to be biased high (Cadwell et al., 2012).
In these studies, dosage regimens for both meropenem and vaborbactam were designed to
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simulate a 1 g or 2 g human dose of each drug administered by a 3-hour infusion q8h. 
The dosage regimens for both meropenem and vaborbactam were based on the human PK 
parameters determined in Phase I Study 501 [Study 00371]. The Applicant identified the 
humanized exposures of meropenem and vaborbactam based on Phase I studies [Study 
501; Study 00371] required to produce antibacterial activity and suppress the 
development of resistance against carbapenem-resistant, KPC-producing strains of 
Enterobacteriaceae with meropenem MICs of 8 μg/mL with at vaborbactam 8 μg/mL. 
These exposures correspond to those observed for 2 g/2 g meropenem-vaborbactam 
administered q8h by 3 hour infusion. In addition, using the mean humanized exposures of 
meropenem and vaborbactam from Phase III studies [Study 505; Study 506; Study 
00373-1], strains with meropenem MICs of 16 μg/mL with vaborbactam at 8 μg/mL were 
reportedly treated without regrowth

Pharmacodynamics of Meropenem alone and in Combination with
Vaborbactam against P. aeruginosa.
Studies were conducted in the hollow fiber model to determine the PD of meropenem-
vaborbactam against P. aeruginosa. Previous studies have identified that meropenem 2 g 
as a 3 hr. infusion q8h can provide sufficient exposures for killing of P. aeruginosa with 
meropenem MICs of 8 μg/mL. These strains would be considered resistant to meropenem 
based on FDA breakpoints [MERREM® I.V.USPI, 2016]. Although vaborbactam has 
little or no effect on meropenem MICs in P. aeruginosa, experiments were conducted 
against 3 strains with meropenem MICs between 2-4 μg/mL with or without vaborbactam 
at 8 μg/mL to confirm activity against these strains with higher MICs to meropenem (see 
table below).

                         Table 34: MICs for P. aeruginosa Strains

Bacterial killing and the prevention of regrowth was observed for all strains tested. 
Simulated exposures of 2 g/2 g meropenem-vaborbactam were reported to have activity 
against P. aeruginosa, including strains that were non-susceptible to meropenem based 
on FDA and CLSI breakpoints (susceptible: ≤2 μg/mL).

In Vivo Pharmacologic Studies

PK-PD in the Mouse Thigh Infection Model with Carbapenem-Resistant
Enterobacteriaceae
The antibacterial effects of meropenem in combination with vaborbactam were compared 
to those of meropenem alone in a neutropenic mouse thigh infection model using 
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humanized dosage regimens against carbapenem-resistant K. pneumonia, E. coli and E. 
cloacae strains (KPC-producing strains) [Study SR13-223; Study SR16-049].
Treatment regimens were based on the PK profiles described in Summary Report Study
SR13-224. Meropenem administered at 300 mg/kg every 2 hours over a 24 hour period in 
mice produced an exposure equivalent to 2 g of meropenem administered q8h by 3- hour 
infusion in humans. Vaborbactam administered at 50 mg/kg every 2 hours over a 24 hour 
period in mice produced an exposure equivalent to 2 g of vaborbactam administered q8h 
by 3 hour infusion in humans. Eight K. pneumoniae, four E. cloacae, and one E. coli 
were tested in this model using human exposures. Using these regimens, reduction in 
bacterial counts was observed in all strains (See table below).

Table 35: Change in Log CFU/Thigh Over 24 Hours in Mice Infected with Various KPC-
Producing Strains of Enterobacteriaceae When Treated with Exposures Equivalent to 
Meropenem 2g and Vaborbactam 2g Administered Every 8 Hours by 3 hour Infusion in 
Humans

Dose-ranging of meropenem and vaborbactam was also explored by the Applicant [Study 
SR16-049] in the neutropenic mouse thigh infection model. The figure below shows the 
activity of meropenem alone and in combination with different doses of vaborbactam 
against a strain with a meropenem-vaborbactam (vaborbactam at fixed 8 μg/mL) MIC of 
4 μg/mL. Using fixed doses of meropenem, the amount of bacterial killing increased with 
increasing doses of vaborbactam. The Applicant reported these data as evidence that 
vaborbactam potentiates the in vivo activity of meropenem against KPC-producing 
strains at drug exposures that are obtainable in humans.
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Figure 16: Activity of Meropenem Alone and In Combination with Vaborbactam Against 
Carbapenem-resistant K. pneumoniae KP1094 in a 24 h Neutropenic Mouse Thigh 
Infection Model (Meropenem MIC: alone ≥64 mcg/mL; w/4 mcg/mL Vaborbactam= 32 
mcg/mL; w/8 mcg/mL Vaborbactam= 4 mcg/mL) 

Key findings:
1. The addition of vaborbactam to meropenem potentiated the activity of meropenem in 
KPC-containing, carbapenem-resistant Enterobacteriaceae in vitro and in vivo.
2. The PK-PD parameter that best described the antibacterial activity of vaborbactam 
when administered in combination with meropenem exposures equivalent to 2 g 
meropenem q8h by 3 hour infusion in humans is 24 h free vaborbactam 
AUC/meropenem-vaborbactam MIC ratio.
3. The magnitude of the ratio of the 24 h free vaborbactam AUC to the meropenem-
vaborbactam MIC required for bacteriostasis in the neutropenic mouse thigh infection 
model and in the in vitro hollow fiber PK-PD model was 9 and 12, respectively.
4. The magnitude of the ratio of the 24 h free vaborbactam AUC to the meropenem-
vaborbactam MIC required for suppression of resistance development in the in vitro 
hollow fiber PK-PD model was 36.
5. A 2 g dose of vaborbactam administered q8h by 3 hour infusion produced an exposure
that produced bacterial killing and suppressed the resistance of KPC-producing, 
carbapenem-resistant strains of Enterobacteriaceae with a meropenem-vaborbactam MIC 
of up to 8 μg/mL.
6. The data supported a vaborbactam dose of 2 g administered in combination with
meropenem 2 g q8h by 3 hour infusion.
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CLINICAL TRIALS 

Complicated Urinary Tract Infection Study 505

Study Objectives
This was a Phase III, multicenter, double-blind, double-dummy, randomized, parallel-
group study of the efficacy, safety, and tolerability of meropenem-vaborbactam compared 
with piperacillin/tazobactam in the treatment of adults with cUTI or AP. 
The objectives of the study were to assess the following:

 The efficacy of meropenem-vaborbactam administered by IV infusion in subjects
with cUTI or acute pyelonephritis (AP)

 The safety and tolerability of meropenem-vaborbactam administered by IV 
infusion in subjects with cUTI or AP

 The population pharmacokinetics (PK) of meropenem-vaborbactam in subjects 
with cUTI or AP

For microbiology schedule of assessments, cultures were taken at screening -1 or 1, day 
3, EOIVT (5-10), EOT (Day 10), Follow up TOC, EOT + 7 days, LFU EOT + 14 Days 
and Early Termination. Samples were taken as described below:

 If clinically indicated, a tissue sample (i.e. kidney biopsy) was collected prior to 
randomization. In the event that pre-randomization urine and blood cultures were 
negative and the subject had a positive tissue culture, the isolated pathogens may 
have qualified as a defined baseline pathogen. 

 Urine samples were collected by clean-catch midstream from a newly-inserted 
Foley catheter (no bag specimens allowed), bladder needle aspiration, or ureter 
aspiration at the specified time points. An additional urine culture was obtained at 
the LFU visit, if clinically indicated. The baseline urine sample submitted for 
culture was examined microscopically (e.g. Gram stain) and a dipstick analysis 
performed by the local laboratory. A repeat urine sample for culture was obtained 
before the start of the study drug therapy for subjects enrolled after receiving a 
single dose of a short-acting antibiotic or for subjects who failed preceding 
antimicrobial therapy.

 Two sets of samples from two separate venipuncture sites were obtained prior to 
randomization for baseline blood cultures. For those where a pathogen was 
identified, susceptibility testing was performed. If a blood culture was positive at 
baseline for an organism obtained in a concurrently collected urine sample, 
subsequent daily blood cultures were collected until the first negative blood 
culture (culture readings at 24 hours or more). Additional blood cultures were 
collected at the investigator’s discretion. For subjects with fever spikes, additional 
blood samples were possibly obtained at the time of the fever spike. 
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Reviewer’s Comment
Methods for sample collection and processing described by the Applicant above, were 
acceptable from a clinical microbiology perspective. In all three examples above, 
specimens were sent to the local laboratory for culture and susceptibility testing and 
isolates were frozen and sent to the central laboratory for confirmation.

Efficacy Assessments
Efficacy assessments included an assessment of both the signs and symptoms of infection 
and the collection of urine and blood cultures for microbiologic assessment and 
microbiologic outcome.

Microbiologic Outcome
The criteria for microbiologic outcome are defined in the table below.

                 Table 36: Criteria for Microbiologic Outcome

Microbiology Assessments
To determine the per-pathogen outcome, the Sponsor classified each baseline organism as 
either a pathogen or a nonpathogen. Each baseline pathogen was assigned a 
microbiologic outcome at the TOC visit and the results of the urine or blood culture at 
TOC were documented. Multiple pathogens identified in cultured samples from the same 
subject were assigned separate outcomes. The categories for pathogen microbiologic 
outcome are the same as those listed in the table above. Molecular testing was performed 
on a subset of bacterial isolates by the central laboratory. This testing involved screening 
for plasmid encoded beta-lactamases and when appropriate, studies on expression level of 
chromosomally encoded beta-lactamases. Whole genome sequence approach was used to 
screen for all beta-lactamase genes available in the curated database containing numerous 
resistance determinants. This database is the compilation of several curated
datasets including ResFinder (https://cge.cbs.dtu.dk/services/data.php), ARG-ANNOT
(http://en.mediterranee-infection.com/article.php?laref=283&titre=arg-annot-), and 
SSTAR (https://github.com/tomdeman-bio/Sequence-Search-Tool-for-Antimicrobial-
Resistance). 
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In case of Enterobacteriaceae, whole genome sequences were determined by the 
Applicant for all the isolates displaying positive screening criteria for extended-spectrum 
beta-lactamase (ESBL), according to Clinical Laboratory Standards Institute (CLSI) 
guidelines 2015 (ceftazidime or aztreonam MIC ≥1 μg/mL) and for all the strains that 
show nonsusceptibility to meropenem (MIC ≥ 2μg/ml). Among those, all Serratia spp., 
Citrobacter spp., and Enterobacter spp. were subjected to transcription levels of ampC 
(chromosomal beta-lactamase) determinations. In case of Pseudomonas spp. and 
Acinetobacter spp., whole genome sequences were determined for all the isolates with 
ceftazidime MIC values at ≥16 μg/mL or with meropenem MIC values at ≥8 μg/mL. 
Ceftazidime MICs ≥16 μg/mL were also used as a criterion to select isolates for 
determination of the level of expression of the chromosomal ampC gene.

Primary Efficacy Endpoint
The primary efficacy endpoint for this study differed for FDA and the European 
Medicines Agency (EMA). See endpoints below:

Primary Efficacy Endpoint for FDA
The primary efficacy endpoint for the FDA was the proportion of subjects in the 
Microbiological Modified Intent-to-Treat (m-MITT) Population who achieved overall 
success at the EOIVT visit, a composite outcome including both clinical outcome and 
microbiologic outcome as defined in the table below. A clinical outcome of Cure or 
Improvement and a microbiologic outcome of Eradication (FDA’s CFU/mL criterion) at 
the EOIVT visit were necessary to achieve overall success.

                  Table 37: Overall Response at EOIVT Visit

Primary Efficacy Endpoint for EMA
The primary efficacy endpoint for the EMA was the proportion of subjects in the co-
primary m-MITT and Microbiological Evaluable (ME) Populations who achieved a 
microbiologic outcome of eradication (i.e., baseline bacterial pathogen reduced to <103 
CFU/mL of urine at the TOC visit.
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Secondary Efficacy Endpoints
Secondary efficacy endpoints included the following:

 Proportion of subjects in the m-MITT and ME Populations with overall success at
both the EOIVT and TOC visits by infection type. See table below.

 Proportion of subjects in the m-MITT and ME Populations with a microbiologic
outcome of eradication at TOC to <104 CFU/mL of urine (FDA) and <103 
CFU/mL of urine (EMA) by infection type.

 Proportion of subjects with a clinical outcome of Cure in the m-MITT, Clinical 
Evaluable (CE), and ME Populations at Day 3, EOIVT, EOT, TOC, and LFU.

Table 38: Overall Response at TOC visit

Exploratory Endpoints
Exploratory endpoints related to clinical microbiology included the following:

 cUTI or AP new infection, isolation of a new pathogen(s) at ≥105 CFU/mL (other
than the original baseline pathogen[s]) from a urine culture which is accompanied 
by new or worsening signs and symptoms of infection since the previous visit 
requiring alternative antimicrobial therapy in the time period after EOT cUTI or 
AP superinfection,

 isolation of a new pathogen(s) at ≥105 CFU/mL (other than the original baseline 
pathogen[s]) from a urine culture which is accompanied by new or worsening 
signs and symptoms of infection since the previous visit requiring alternative 
antimicrobial therapy during the period up to and including EOT Relapse of cUTI 
or AP, 

 isolation of the same baseline bacterial pathogen(s) from culture after eradication, 
 OR a positive blood culture with the same baseline organism that was identified 

as an uropathogen after eradication, which is accompanied by new or worsening 
signs and symptoms of infection since the previous visit requiring alternative 
antimicrobial therapy in the time period after EOT 

 Proportion of subjects with infection-related intensive care unit (ICU) re-
admission, all-cause mortality, time to oral switch (if clinically indicated), 30-day 
all-cause and infection-related hospital re-admission
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Information on Common baseline pathogens is shown in the table below:

Table 39: Common ≥0.5% total Subjects) Baseline Pathogens in 
                     Study 505 (m-MITT Population)

 

Efficacy Outcomes by Common Baseline Pathogens
For each of the common pathogens as defined by at least 15 subjects with the organism at
baseline, the rates of overall success were similar in the meropenem-vaborbactam and
piperacillin/tazobactam groups at EOIVT and TOC (See table below). Both components 
of overall success, Cure rates and Eradication rates (FDA’s and EMA’s CFU/mL 
criteria), were similar in both groups.

Table 40: Overall Success per Common (Occurred in at Least 15 Subjects 
                 Total) Baseline Pathogens (m-MITT Population)
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Efficacy Outcomes by MIC, Breakpoint, Baseline Resistance
Mechanism, and MIC
Meropenem-resistant pathogens at baseline included Klebsiella pneumoniae (1 subject 
each in the meropenem-vaborbactam and piperacillin/tazobactam groups, respectively) 
and P. aeruginosa (2 subjects and 4 subjects in the meropenem-vaborbactam and 
piperacillin/tazobactam groups, respectively). Higher overall success, cure, and 
eradication rates were seen in the meropenem-vaborbactam group compared with the 
piperacillin/tazobactam group in subjects with these meropenem-resistant organisms; 
however, the number of meropenem-resistant pathogens in this study was small.

Reviewer’s Comment
The Applicant’s data also showed a baseline isolate of Acinetobacter spp. at meropenem 
MIC of 64 mcg/mL in the meropenem-vaborbactam arm.

Table 41: Overall Success, Cure, and Eradication Rates (FDA’s and EMA’s CFU/mL 
Criteria) for Meropenem-Resistant Baseline Pathogens (m-MITT Population)
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Reviewer’s Comment
The cure rates were very high near 100% for nearly all of time points of assessment for 
efficacy with meropenem-resistant baseline pathogens in the meropenem-vaborbactam 
arm.

The Applicant reported that small numbers of baseline pathogens overexpressed beta-
lactamase enzymes. Within each group, overall success was similar at EOIVT whether a 
beta-lactamase was present or not; however, at TOC, the rate of overall success was 
higher in subjects when beta-lactamase production was not detected (see table below). 
In general, overall success was higher with meropenem-vaborbactam compared with 
piperacillin/tazobactam at both visits whether a beta-lactamase was detected or not; 
however, this observation was limited by the relatively low number of subjects with 
overexpression of beta-lactamases.

          Table 42: Overall Success at EOIVT and TOC by Baseline Pathogen 
                                         and Beta-Lactamase Status

Reviewer’s Comment
Molecular testing was performed by the central laboratory on a subset of bacterial 
isolates that met predefined criteria. This testing involved screening for plasmid encoded 
beta-lactamases and when appropriate, the studies on expression level of chromosomally 
encoded beta-lactamases. 

The Applicant reported that carbapenemases were identified in baseline 
Enterobacteriaceae isolates in the meropenem-vaborbactam group. Examples included 
Subject 100-002-507 with P. mirabilis with VIM-1 (meropenem-vaborbactam MIC 0.5 
mcg/mL), subject 642-002-512 with K. pneumoniae expressing OXA-48 (meropenem-
vaborbactam MIC of 32 μg/mL), and Subject 076-003-510 with P. stuartii with KPC-2 
(meropenem –vaborbactam MIC of ≤0.06 mcg/mL). For these 3 subjects, overall success 
was observed at EOIVT. For subjects with the VIM- and OXA-containing isolates, 
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overall success was also observed at TOC. The outcome at TOC was Indeterminate for 
the subject with the KPC-2 carbapenemase. 

In the piperacillin/tazobactam group, based on the molecular testing for carbapenemases, 
one subject, Subject 300-001-523 was infected with two different strains of K. 
pneumoniae, both producing KPC-2. The MIC values for meropenem-vaborbactam for 
the two strains were 2 μg/mL, and  <0.06 μg/mL, respectively. This subject had overall 
success at EOIVT, but was a Failure for overall success at TOC because the clinical 
outcome was cure, but the microbiologic outcome was recurrence. 
Piperacillin/tazobactam-resistant pathogens at baseline included E. coli, Enterobacter 
cloacae, Klebsiella pneumoniae, Proteus mirabilis, and P. aeruginosa. See table below. 
Higher overall success, cure, and eradication rates were seen in the meropenem-
vaborbactam group compared with the piperacillin/tazobactam group in subjects with 
these piperacillin/tazobactam-resistant organisms,  however, there were a low number of 
subjects with piperacillin/tazobactam-resistant pathogens.

       Table 43: Overall Success, Cure and Eradication Rates for 
Pipercillin/Tazobactam-Resistant Baseline Pathogens (m-MITT Population)
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Table 43 continued.

Reviewer’s Comment
In the studies described above by the Applicant, there was no apparent correlation 
between increasing meropenem-vaborbactam or piperacillin-tazobactam MICs and a 
decrease in overall success, cure, or eradication by FDA criteria. 

The antimicrobial resistance rates in study 505 were shown in the table below. The 
information on those bacteria with ≥4-fold increase from baseline in MIC for either 
meropenem-vaborbactam or piperacillin-tazobactam follows:
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          Table 44: Antimicrobial Resistance Rates of Urinary Pathogens at
                                          Baseline (m-MITT Population) 

MIC Increases
In subjects with bacterial isolates recovered in urine during or following treatment with 
study drug, some had  ≥4-fold increase from baseline in MIC for either meropenem-
vaborbactam or piperacillin-tazobactam. The Applicant reported the following: In the 
meropenem-vaborbactam group, 3 subjects (all with K. pneumoniae) had a ≥4-fold 
meropenem-vaborbactam MIC increase and 8 subjects had a ≥4-fold 
piperacillin/tazobactam MIC increase (5 subjects with E. coli, 1 subject with 
Enterococcus faecalis, 1 subject with P. mirabilis, and 1 subject with Enterobacter 
cloacae complex). In the piperacillin-tazobactam group, 7 subjects had a 
piperacillin/tazobactam ≥4-fold MIC increase (4 subjects with E. coli and 3 subjects with 
K. pneumoniae) and 4 subjects had a ≥4-fold increase in meropenem-vaborbactam MIC 
(3 subjects with P. aeruginosa and 1 subject with Proteus mirabilis). 

Reviewer’s Comment
The Applicant reported a similar number of subjects with pathogens that had a ≥4 fold 
MIC increase from baseline in the meropenem-vaborbactam or piperacillin/tazobactam 
arms. It was noted that these MIC increases to meropenem-vaborbactam remained in the 
susceptible range for meropenem and that the three subjects identified below had overall 
success at EOIVT. The details of the MIC increase were described by the Applicant as 
follows:
Of the 3 subjects with K. pneumoniae at baseline who received meropenem-vaborbactam 
and had a 4-fold increase in MIC to meropenem-vaborbactam, 1 occurred at EOT 
(Subject 100-004-501) and 2 occurred at TOC (Subjects 100-004-502 and 703-001-513).
Meropenem-vaborbactam MICs were from 0.06 μg/mL to 0.25 μg/mL in 2 subjects
(Subjects 100-004-501 and 100-004-502) and from 0.125 μg/mL to 0.5 μg/mL in 1 
subject (Subject 702-001-513). These subjects had overall success at EOIVT. At TOC, 
Subject 100-004-501 was assessed as Indeterminate for overall success and Subjects 100-
044-502 and 703-001-513 were Failures for overall success (clinical outcome of cure but 
microbiologic outcome of recurrence). Whole genome sequence analysis demonstrated 
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Table 46: CLSI Guideline for Acceptable Discrepancy Rates for MIC-Disk Correlation 
Studies (With Intermediate Ranges)
MIC Range Very Major Major Minor
≥I+2 <2% NA <5%
I+1 to I-1 <10% <10% <40%
≤ I-2 NA <2% <5%

Source: Adapted from CLSI document M23-A4.

Reviewer’s Comment
Although the Applicant provided an analysis of the correlation between broth 
microdilution and disk diffusion methods for Enterobacteriaceae using an MIC 
breakpoint of  mcg/mL, this reviewer re-analyzed the MIC-disk correlation 
studies of Enterobacteriaceae at the Agency’s proposed MIC breakpoints of ≤4|8|≥16 
mcg/mL. The aim of the analysis was to minimize discrepancy rates (number of very 
major, major and minor errors) to best fit within CLSI guidelines (CLSI document M23-
A4). Minimizing error rates is important to prevent negative consequences for patients 
which could result from errors such as calling strains susceptible when they are known to 
be resistant. 

Reviewer’s Comment
The Applicant submitted analysis for MIC-disk correlations for data from two studies, 
MVAB-AST-JMI-070 and MVAB-AST-JMI-027. Study MVAB-AST-JMI-070 included 
isolates from study 505 (N=432) and 506 (N=78). This included a subset that met ESBL 
and carbapenemase criteria for next generation sequencing and all isolates with 
meropenem MIC greater than 1 mcg/mL. Study MVAB-AST-JMI-027 included strains 
that were part of a larger collection of gram-negative organisms collected  from 2011-
2012 from North America, Latin America and Europe from patients with different 
infection types. The 202 isolates included a population of KPC-producing strains 
(N=100). Strains were selected from 10 or more species and demonstrated various 
resistance mechanisms. The Applicant stated that this included 100 serine-
carbapenemases alone or with other beta-lactamases. A large proportion of the isolates 
that made up the Enterobacteriaceae in the scatterplot analysis (not shown) were K. 
pneumoniae isolates (N=76). The MIC90 for meropenem was greater than 32 mcg/mL. 
The MIC90 for meropenem-vaborbactam (8mcg/mL) was 4 mcg/mL. 

This reviewer felt that in comparison to study MVAB-JMI-027, study MVAB-AST-JMI-
070 was the most relevant study because it incorporated data from the clinical studies, 
had a larger number of isolates, and the isolates used were more recent. The FDA 
guidance document titled, “Microbiology Data for Systemic Antibacterial Drugs-
Development, Analysis, and Presentation: Guidance for Industry”, suggests ≥ 300 
isolates of Enterobacteriaceae for correlation of MIC and disk diffusion methods. Study 
MVAB-AST-JMI-027 had 202 isolates in duplicate and therefore did not meet the 
Agency’s suggested number. The isolates were also from 2011-2012 and therefore were 
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Reviewer’s Comment
The result of the analysis above show that the discrepancy rates are outside of CLSI 
guidelines in the Very Major Error I +1 to I-1 category (~17%) and in two places in the 
Minor discrepancy category ≥ I +2 and I +1 to I-1 (75% and 67% respectively). Because 
of the high rate of error, particularly in the Very Major category, this reviewer does not 
recommend these disk breakpoints. 

Reviewer’s Comment
After further consideration of the implications for beta-lactam, beta-lactamase inhibitor 
combinations in general, this reviewer did not feel that QC should be taken into 
consideration when determining breakpoints for the following reasons:

Precedence
For example, ceftolozane-tazobactam has a QC strain K. pneumoniae ATCC 700603 with 
disk range 17-25 mm that spans disk breakpoints S, I and R (≥ 21|18-20| ≤17 mm). 
Likewise, ampicillin-sulbactam has disk interpretive criteria of  ≥15|12-14|≤11 mm for 
Enterobacteriaceae, while Quality control strain (for beta-lactamase production) E. coli 
ATCC 35218 has a disk range of 13-19mm, which spans two interpretive categories 
(Intermediate and Susceptible). In M100 (2017) CLSI cautions that loss of beta-lactamase 
production through plasmid loss can lead to changes in zone size for that strain, and this 
reviewer thinks that changes in beta-lactamase expression could affect the zone sizes for 
other beta-lactamase producing strains also. Typically beta-lactamase producing strains 
are used for QC to test the beta-lactamase inhibitor effect and sometimes in comparison 
to what results would be for the beta-lactam alone. That these drug combinations have 
been used successfully for some time suggests that the QC and disk breakpoints were 
done correctly. If that was not the case, this reviewer thinks that disk diffusion criteria 
would need to be re-evaluated for the examples above and for any other beta-lactam, 
beta-lactamase inhibitor combination products with this issue in the drug class.

QC strain choice is not consistent
If the Agency was going to use QC to influence interpretive criteria than greater 
consistency of QC strain choice might have to be made across this drug class. The 
Agency (and CLSI) do not require all beta-lactam/beta-lactamase inhibitor combinations 
to use the same QC strains for QC testing (including those strains that are beta-lactamase 
producers). For example, some of the beta-lactam/beta-lactamase inhibitor combinations 
use K. pneumoniae ATCC 700603 for QC, while others use E. coli ATCC 35218. QC for 
ampicillin-sulbactam does not require the use of K. pneumoniae ATCC 700603, even 
though K. pneumoniae ATCC 700603 is a QC strain recommended by CLSI for testing 
beta-lactam/ beta-lactamase inhibitors. Sometimes CLSI specifies that there is a choice as 
to which QC strain to use. 
If QC is to influence breakpoints, then the Applicant could influence the disk diffusion 
breakpoints simply by the choice of QC strain that they propose, and QC is sometimes 
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published by CLSI prior to clinical trials. Additonally, after talking to a reviewer from the 
Antimicrobial Susceptibility Testing Group within the Center for Devices and 
Radiological Health (CDRH/FDA) who is also on the QC working group at CLSI, it is 
believed that CLSI does not take breakpoints into consideration when selecting QC 
strains. In fact, QC for drugs such as meropenem-vaborbactam are often published by 
CLSI in M100 in advance of breakpoint determination. If the Agency will use QC to 
influence breakpoints, then this reviewer suggests that selection of QC isolates may need 
to be reevaluated for greater consistency across this drug class.

One isolate is not representative of a population
This reviewer cautions about the use of one strain of bacteria to influence the disk 
breakpoints of a larger group. In the case of meropenem-vaborbactam the example is 
using a KPC-3 beta-lactamase producing strain (such as K. pneumoniae ATCC BAA-
2814) to influence the disk correlation for all Enterobacteriaceae. Besides the issue of 
beta-lactamase production, this suggests that one K. pneumoniae isolate should affect 
correlation of disk to the standard broth microdilution for all Enterobacteriaceae. It seems 
like this approach, in general, would create errors in correlation. Some of these errors 
could create safety issues for patients, particularly those with resistant isolates that will be 
miscalled susceptible (very major errors). The current data from the Applicant regarding 
meropenem-vaborbactam MIC-disk correlation support potential safety issues for patients 
treated with meropenem-vaborbactam if adjustments are made to the disk interpretive 
criteria based on one QC strain (see example of analysis of disk breakpoints ≥15|12-
14|≤11 mm above. 

Taken together, this reviewer recommends disk breakpoints that are within CLSI 
guidelines with the lowest discrepancy rate possible. Upon further analysis with that goal 
in mind, this reviewer selected disk diffusion breakpoints of ≥17|14-16|≤13 mm as 
producing the lowest error rates for Enterobacteriaceae. This reviewer’s MIC-disk 
correlation for the data from study MVAB-AST-JMI-070 is below on the Applicant’s 
figure. Horizontal hashed red lines were added by this reviewer to define the MIC 
breakpoints of ≤4|8|≥16 mcg/mL. The vertical hashed red line was adjusted as part of the 
zone diameter analysis to correlate with the MIC breakpoints of  ≤4|8|≥16 mcg/mL, and 
in attempt to find the lowest discrepancy rates. 
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The following in vitro data are available, but their clinical significance is unknown. At 
least 90 percent of the following bacteria exhibit an in vitro minimum inhibitory 
concentration (MIC) less than or equal to the susceptible breakpoint for  
[Drug Name] against isolates of a similar genus or organism group. However, the 
efficacy of  [Drug Name] in treating clinical infections due to these 
bacteria has not been established in adequate and well-controlled clinical trials.

Gram-negative bacteria:

 Citrobacter freundii

 Citrobacter koseri

 Enterobacter aerogenes

 Klebsiella oxytoca

 Morganella morganii

 Proteus mirabilis

 Providencia spp.

 Pseudomonas aeruginosa

 Serratia marcescens
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Table 7: Acceptable Quality Control Ranges for [Drug Name]  

Quality Control Strain Minimum Inhibitory 
Concentration
( mcg/mL)

Disk Diffusion
(z one Diameter (in 
mm)

Klebsiella pneumoniae ATCC BAA-
1705*

0.015/8-0.06/8 21-27

Klebsiella pneumoniae ATCC BAA-
2814*

16-20

Pseudomonas aeruginosa ATCC 27853 0.12/8-1/8 29-35

Escherichia coli ATCC 25922 0.008/8-0.06/8 31-37

Escherichia coli ATCC 35218 0.008/8-0.06/8 -

Klebsiella pneumoniae ATCC 700603 0.015/8-0.06/8 29-35

Staphylococcus aureus ATCC 25923 32-38

Staphylococcus aureus ATCC 29213 0.03/8-0.12/8 -

ATCC = American Type Culture Collection
*KPC-producing K. pneumoniae included for the QC of vaborbactam activity

15 REFERENCES
1. Clinical and Laboratory Standards Institute (CLSI). Methods for Dilution 

Antimicrobial Susceptibility Tests for Bacteria that Grow Aerobically; Approved 
Standard-Tenth Edition. CLSI document M07-A10, Clinical and Laboratory 
Standards Institute, 950 West Valley Road, Suite 2500, Wayne, Pennsylvania 
19087, USA, 2015.

2. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for 
Antimicrobial Disk Diffusion Susceptibility Tests; Approved Standard-Twelfth 
Edition. CLSI document M02-A12, Clinical and Laboratory Standards Institute, 
950 West Valley Road, Suite 2500, Wayne, Pennsylvania 19087, USA, 2015.

3. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for 
Antimicrobial Susceptibility Testing; Twenty- seventh Informational 
Supplement, CLSI document M100-S2 7, Clinical and Laboratory Standards 
Institute, 950 West Valley Road, Suite 2500, Wayne, Pennsylvania 19087, USA, 
201 7.
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APPENDIX: FDA’s Version of the Labeling (Without Edits) 

12.4 Microbiology
Mechanism of Action

The meropenem component of [Drug Name] is a penem antibacterial drug. The 
bactericidal action of meropenem results from the inhibition of cell wall synthesis. 
Meropenem penetrates the cell wall of most gram-positive and gram-negative bacteria to 
bind penicillin-binding protein (PBP) targets. The vaborbactam component of [Drug 
Name] is a non-suicidal beta-lactamase inhibitor that protects meropenem from 
degradation by certain serine beta-lactamases such as Klebsiella pneumoniae 
carbapenemase, KPC. Vaborbactam does not decrease the activity of meropenem against 
meropenem-susceptible organisms.

Resistance

Mechanisms of beta-lactam resistance may include the production of beta-lactamases, 
modification of PBPs by gene acquisition or target alteration, up-regulation of efflux 
pumps, and loss of outer membrane porin. [Drug Name] may not have activity against 
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gram-negative bacteria that have porin mutations combined with overexpression of efflux 
pumps. 

Clinical isolates may produce multiple beta-lactamases, express varying levels of beta-
lactamases, or have amino acid sequence variations, and other resistance mechanisms that 
have not been identified.

Culture and susceptibility information and local epidemiology should be considered in 
selecting or modifying antibacterial therapy.

[Drug Name] demonstrated in vitro activity against Enterobacteriaceae in the presence of 
some beta-lactamases and extended-spectrum beta-lactamases (ESBLS) of the following 
groups: KPC, SME, TEM, SHV, CTX-M, CMY, and ACT. Vaborbactam may not 
potentiate antibiotic activity against bacteria that produce metallo-beta lactamases or 
oxacillinases with carbapenemase activity. 

In [Drug Name] the Phase 3 cUTI trial, some isolates of E. coli, K. pneumoniae, 
E. cloacae, C. freundii, P. mirabilis, P. stuartii that produced beta-lactamases, were 
susceptible to [Drug Name]  (minimum inhibitory concentration ≤4 mcg/mL). These 
isolates produced one or more beta-lactamases of the following enzyme groups: OXA 
(non-carbapenemases), KPC, CTX-M, TEM, SHV, CMY, and ACT.

Some beta-lactamases were also produced by an isolate of K. pneumoniae that was not 
susceptible to [drug name] (minimum inhibitory concentration ≥ 16 mcg/mL). This 
isolate produced beta-lactamases of the following enzyme groups: CTX-M, TEM, SHV, 
and OXA.

No cross-resistance with other classes of antimicrobials has been identified. Some 
isolates resistant to other carbapenems (including meropenem) and to cephalosporins may 
be susceptible to [Drug Name]. 

Interaction with Other Antimicrobials 

In vitro synergy studies have not demonstrated antagonism between [Drug Name] and 
levofloxacin, tigecycline, polymyxin, amikacin, vancomycin, azithromycin, daptomycin, 
or linezolid.

Activity against Meropenem Non-susceptible Bacteria in Animal Infection Models

Vaborbactam restored activity of meropenem in animal models of infection (e.g., mouse 
thigh infection, urinary tract infection and pulmonary infection) caused by some 
meropenem non-susceptible KPC-producing Enterobacteriaceae. 
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Antimicrobial Activity

[Drug Name] has been shown to be active against most isolates of the following bacteria, 
both in vitro and in clinical infections [see Indications and Usage (1.1)].

Gram-negative bacteria:

 Enterobacter cloacae species complex

 Escherichia coli

 Klebsiella pneumoniae

The following in vitro data are available, but their clinical significance is unknown. At 
least 90 percent of the following bacteria exhibit an in vitro minimum inhibitory 
concentration (MIC) less than or equal to the susceptible breakpoint for [Drug Name] 
against isolates of a similar genus or organism group. However, the efficacy of [Drug 
Name] in treating clinical infections due to these bacteria has not been established in 
adequate and well-controlled clinical trials.

Gram-negative bacteria:

 Citrobacter freundii

 Citrobacter koseri

 Enterobacter aerogenes

 Klebsiella oxytoca

 Morganella morganii

 Proteus mirabilis

 Providencia spp.

 Pseudomonas aeruginosa

 Serratia marcescens

Susceptibility Test Methods

When available, the clinical microbiology laboratory should provide cumulative reports 
of in vitro susceptibility test results for antimicrobial drugs used in local hospitals and 
practice areas as periodic reports that describe the susceptibility profile of nosocomial 
and community-acquired pathogens. These reports should aid in selecting the most 
appropriate antibacterial drug for treatment.

Dilution Techniques

Quantitative methods are used to determine antimicrobial MICs. These MICs provide 
estimates of the susceptibility of bacteria to antimicrobial compounds. The MICs should 
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be determined using a standardized test method 1,3 (broth and/or agar). The MIC values 
should be determined using serial dilutions of meropenem combined with a fixed 
concentration of 8 mcg/mL of vaborbactam. The MIC values should be interpreted 
according to the criteria in Table 6.

Diffusion Techniques

Quantitative methods that require measurement of zone diameters can also provide 
reproducible estimates of the susceptibility of bacteria to antimicrobial compounds. The 
zone size should be determined using a standardized method.2,3 This procedure uses 
paper disks impregnated with 20 mcg of meropenem and 10 mcg vaborbactam to test the 
susceptibility of bacteria to meropenem and vaborbactam. The disk breakpoints are 
provided in Table 6.

Table 6: Susceptibility Test Interpretive Criteria for [Drug Name]

Minimum Inhibitory 
Concentrations
(mcg/mL)

Disk Diffusion
(zone Diameter in mm)

Pathogen

S I R S I R

Enterobacteriaceae ≤4/8 8/8 ≥16/8 ≥17 14-16 ≤13
S=Susceptible; I=intermediate; R=Resistant

A report of Susceptible (S) indicates that the antimicrobial drug is likely to inhibit growth 
of the pathogen if the antimicrobial drug reaches the concentration usually achievable at 
the site of infection. A report of Intermediate (I) indicates that the result should be 
considered equivocal, and, if the microorganism is not fully susceptible to alternative, 
clinically feasible drugs, the test should be repeated. This category implies possible clinical 
applicability in body sites where the drug is physiologically concentrated or in situations 
where a high dosage of the drug can be used. This category also provides a buffer zone that 
prevents small uncontrolled technical factors from causing major discrepancies in 
interpretation. A report of Resistant (R) indicates that the antimicrobial drug is not likely 
to inhibit growth of the pathogen if the antimicrobial drug reaches the concentrations  
usually achievable at the infection site; other therapy should be selected.

Quality Control

Standardized susceptibility test procedures require the use of laboratory controls to 
monitor and ensure the accuracy of supplies and reagents used in the assay, and the 
techniques of the individuals performing the test1,2,3. Standard meropenem and 
vaborbactam powder should provide the following range of MIC values noted in Table 7. 
For the diffusion technique using the 20 mcg meropenem/10 mcg vaborbactam disk, the 
criteria in Table 7 should be achieved.
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Table 7: Acceptable Quality Control Ranges for [Drug Name] 

Quality Control Strain Minimum Inhibitory 
Concentration
(mcg/mL)

Disk Diffusion
(Zone Diameter in 
mm)

Klebsiella pneumoniae ATCC BAA-
1705*

0.015/8-0.06/8 21-27

Klebsiella pneumoniae ATCC BAA-
2814*

16-20

Pseudomonas aeruginosa ATCC 27853 0.12/8-1/8 29-35

Escherichia coli ATCC 25922 0.008/8-0.06/8 31-37

Escherichia coli ATCC 35218 0.008/8-0.06/8 -

Klebsiella pneumoniae ATCC 700603 0.015/8-0.06/8 29-35

Staphylococcus aureus ATCC 25923 32-38

Staphylococcus aureus ATCC 29213 0.03/8-0.12/8 -

ATCC = American Type Culture Collection
*KPC-producing K. pneumoniae included for the QC of vaborbactam activity.

15 REFERENCES
1. Clinical and Laboratory Standards Institute (CLSI). Methods for Dilution 

Antimicrobial Susceptibility Tests for Bacteria that Grow Aerobically; Approved 
Standard-Tenth Edition. CLSI document M07-A10, Clinical and Laboratory 
Standards Institute, 950 West Valley Road, Suite 2500, Wayne, Pennsylvania 
19087, USA, 2015.

2. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for 
Antimicrobial Disk Diffusion Susceptibility Tests; Approved Standard-Twelfth 
Edition. CLSI document M02-A12, Clinical and Laboratory Standards Institute, 
950 West Valley Road, Suite 2500, Wayne, Pennsylvania 19087, USA, 2015.

3. Clinical and Laboratory Standards Institute (CLSI). Performance Standards for 
Antimicrobial Susceptibility Testing; Twenty-seventh Informational Supplement, 
CLSI document M100-S27, Clinical and Laboratory Standards Institute, 950 West 
Valley Road, Suite 2500, Wayne, Pennsylvania 19087, USA, 2017.

Kerian Grande Roche, Ph.D.
Clinical Microbiology Reviewer
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